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SUMMARY 


The  literature  pertaining  to  the  interaction  of  a  conic  or  supersonic  gaseous  jet  with  a  transverse 
external  flow  has  been  reviewed.  Tho  flowfield*  associated  with  these  interactions  are  complex,  and 
knowledge  of  them  is  based  largely  on  results  of  experiments.  Numerous  examplin  of  data  from  fist- 
plate  experiments  are  presented.  These  include  static  pressure  distribution,  induced  forces,  flowfield  sur¬ 
vey,  and  flow  visualization  result*.  Analyses  and  correlation  techniques  for  jet  interaction  flows  are  dis¬ 
cussed.  The  region  upstream  of  a  jet  in  two-dimensional  flow  is  similar  to  the  flow  upstream  of  a  forward¬ 
facing  step,  and  the  flow  associated  with  a  jet  from  a  circular  nozzle  -n  a  flat  plate  resembles  the  flow  past 
a  blunt-nosed  slender  body.  The  single  most  important  variable  in  determining  the  scale  of  these  inter¬ 
actions  is  the  ratio  of  jet  momentum  flux  to  the  external-flow  dynamic  pressure.  When  the  external  flow  is 
subsonic,  the  interaction  is  sensitive  to  external- 'low  Mach  number  in  the  high  subsonic  Mach  number 
range  and  to  the  ratio  between  jet  and  external  flow  velocity  in  the  low  Mach  number  range.  The  character¬ 
istic  dimension  of  the  flowfield  in  subsonic  flow  is  approximately  proportional  to  the  square  root  of  the 
pressure  ratio.  A  few  examples  of  data  for  jets  exhausting  from  bodies  of  revolution  show  that  interference 
forces  can  be  sensitive  to  the  geometry  of  the  body. 
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Speed  of  sound;  also  1  +  ^(Y  j  -  l)/2:j  Mj/  |(Yj  -  l)M^j  in  Equations  (15)  (17)  and  (18) 

Vehicle  or  wind  tunnel  model  referenco  area 

Jet  nozzle  throat  arcs 

Nozzle  span,  also  plate  span,  Figure  55 

Nozzle  discharge  coefficient 

Pressure  coefficient,  (P  -  Pj)/<1j  or  (P  -  P^l/q^ 

Perturbation  pressure  ratio,  &P/?m  =  (P  -  Pj)/!^ 

Stagnation  point  pressure  coefficient 
Slot  width  or  circular  nozzle  diameter 

Equivalent  jet  exit  diameter,  d.  =  jot  exit  area/(2.  Our.),  Equations  (5-3) 
Interaction  force  induced  by  the  presence  of  the  jet 

’8) 

Calculated  jet  penetration  height 


» v  *  v  v  sMuwvvvi  a*  j 

[Yl(Y,  -  l)M^j  ,  Equation;1! 


Distance  measured  normal  to  the  wall  from  the  wall  to  the  strong  shock  in  tho 
jet 


Amplification  factor,  (Fj  +  T)/Tev,  or  mass  fraction  of  injectant  species 

Amplification  factor  for  jet  from  a  finite  span  slot  with  Fj  evaluated  as  the 
total  interaction  force  upstream  of  the  slot 

Amplification  factor  for  a  finite-span  slot  in  which  F^  is  evaluated  by  inte¬ 
grating  the  pressure  distribution  over  unit  spam  upstream  along  the  x-axis 
and  values  of  T  and  T  „  per  unit  span  are  used 

ft  v 

Empirical  constant  defined  by  Equation  (4) 

Distance  along  the  x-axis  from  the  plate  leading  edge  or  origin  of  the  boundary 

layer  to  the  nozzle  centerline,  L  -  L  +  X 

0  0 

Distance  along  the  x-axis  from  the  plate  leading  edge  or  origin  of  the  boundary 
layer  to  the  separation  line 

Mach  number 

Molecular  weight 

Jet  mass  flow  rate 


P 


Preseoie 


Second  peak  static  pressure,  immediately  upstream  of  the  jet,  see  Figure  2 

Effective  back  pressure,  two  thirds  of  the  stagnation  pressure  downstream  of 
a  normal  shock  in  the  external  flow,  see  Equation  (22) 

Average  value  of  pressure  at  the  upstream  interface  botweon  a  jet  and  the 
external  flow.  Equation  (12) 

Stagnation  pressure  of  the  dividing  streamline  of  the  shear  layer  upstream 
of  the  jet 

$ 

Dynamic  pressure  ratio,  q.  / q 

1  <0 

Dynamic  pressure,  1/2  pV^ 

Distance  from  cone  axis  normalized  by  rj,  also  radius  of  ogive-cylinder, 

Figure  64* 

Reynolds  number 

Bow  shock  radius,  see  Figure  54,  also  radial  distance  from  jet  nozzle 
centerline,  see  Figure  59 

Normalized  r,  r  =  r/(d P0j/Pco) 

Radius  of  cone  surface  at  the  jet  upstream  edge,  Equations  (5-8) 

Sphere-cylinder  radius,  see  Figure  54 

Arc  length  on  ogive-cylinder,  3ee  Figure  64a,  S  = 

Temperature;  thrust 
Vacuum  thrust  of  a  so'.ic  jet 
Velocity 

Diab.nce  along  the  cone  surface  from  the  upstream  edge  of  the  jet,  normalized, 
by  d.,  Equations  (5-8) 

Coordinate  in  streamwise  direction  in  plane  of  jet  nozzle  exit,  also  distance 
from  vertex,  see  Figure  54 

Distance  along  x-axis  from  nozzle  centerline  to  upstream  separation  lire 

Distance  along  x-axis  from  nozzle  centerline  to  initial  pressure  rise  due  to 
separation 

Distance  from  the  cone  surface  to  the  edge  of  the  mixing  layer 

Distance  from  the  cone  surface  to  the  dividing  streamline,  measured 
normal  to  the  ccne  axis,  normalized  by  d^ 

Lateral  coordinate,  normal  to  sti  eamwise  direction,  in  plane  of  jet  nozzle  exit 
Distance  between  two  circular  noz.'.les,  see  Figure  49 
Coordinate  normal  to  x-y  plane 
Polar  coordinate  angle,  see  Figure  59 

2  1/2 

Function  defined  by  Equation  (12),  also  (M*  -  1)  ,  Figure  54 

Jet  vortex  strength,  see  Equation  26 
Specific  heat  ratio,  c  /c  , 

*  p  V 

Boundary  layer  thickness 

Distance  along  x-axis  from  circular  nozzle  centerline  to  plate  trailing  edge, 
see  Figure  55 

Difference  between  jet-on  and  jet-off  static  pressure 

X-coordinate  measured  from  the  point  where  P  -  Pj  -  0.6  (P^  -  P|),  see 
Figure  9 

Angle  between  jet  direction  and  local  surface,  0  0*  is  a  tet  aligned  with  the 

external  flow  dirsetion,  also  local  shock  angle,  Figure  54 


3 

t>  Angle  between  jet  direction  end  normal  to  local  surface,  positive  for  upstream 

injection,  f  =  9  -  90  * 

X  ,  Mol  fraction  of  injsctant  species 

T  Stagnation  temperature-molecular  weight  ratio  (r0jUfi)/(TOj4dfj) 

Subscripts 

0  Stagnation  conditions 

1  Region  just  upstream  of  separation  outside  of  boundary  layer 

2  Region  downstream  of  aeparation  shock 

3  Conditions  in  the  separation  region  immediately  downstream  of  the  nossle  or 
pertaining  to  a  jet  from  a  finite-span  slot 

4  Conditions  in  region  corresponding  to  the  peak  downstream  pressure  after 
the  reattachmont  shock 

®  Ur  disturbed  freestream  conditions 

j  Jet  flow  property 

s  Pertaining  to  separation 

e  Nozzle  exit  conditions 

Superscripts 

*  Sonic  conditions 


1  INTRODUCTION 

Engineering  interest  in  the  fiowfields  created  by  sonic  or  supersonic  gaseous  jets  exhausting 
approximately  normal  to  an  external  flow  dates  from  the  late  1950’s.  At  about  that  time  secondary  fluid 
injection  was  proposed  as  a  technique  for  thrust  vector  control  of  rocket  motors,  and  it  became  apparent 
that  reaction  control  systems  employed  on  spacecraft  would  be  used  within  the  atmosphere  during  reentry. 
The  objective  of  this  report  is  to  review  the  literature  pertaining  to  these  fiowfields.  The  report  is 
intended  to  provide  information  in  sufficient  quantity  and  detail  so  that  it  can  be  used  as  a  reference  as 
well  as  a  guide  to  those  who  wish  to  reter  to  the  original  sources. 

The  complexity  of  fiowfields  created  by  jets  interacting  with  external  crossflows  is  such  that  the 
present  understanding  of  them  relies  heavily  on  experimental  data.  In  recognition  of  this  situation,  a 
considerable  portion  of  this  review  has  been  devoted  to  presentation  and  discussion  of  experimental 
results.  The  data  which  have  been  included  arc  believed  to  he  representative  of  the  complete  body  of 
data  contained  in  the  cited  sources.  Most  examples  have  been  chosen  to  illustrate  specific  features  of 
the  interactions.  Efforts  have  been  made  to  include  data  which  cover  a  wide  range  of  flow  conditions.  In 
instances  where  roughly  equivalent  sets  of  data  were  available,  the  data  most  readily  available  and  famil¬ 
iar  to  the  authors  have  been  used.  Types  of  data  include  flowficld  surveys,  flow  visualization  data,  static 
pressure  measurements,  and  force  measurements. 

The  two-dimensional  problem  concerning  the  interaction  between  a  jet  from  an  effectively 
infinite-span  slot  and  an  external  flow  which  is  supersonic  or  hypersonic  is  reviewed  in  detail  in  Sec¬ 
tion  2.0.  Interactions  produced  by  jets  from  finite-span  slots  are  discussed  in  Section  3.0.  Section  4.0 
treats  the  interference  between  a  circular,  underexpanded  jet  and  a  supersonic  external  flow.  Both 
laminar  and  turbulent  boundary  layers  are  considered.  Section  5.0  is  devoted  to  the  interaction  of  cir¬ 
cular,  underexpanded  jets  from  flat  plates  and  ogive-cylinders  with  subsonic  external  flows.  Some 
results  for  jets  from  iinite-span  slots  are  also  presented.  Conclusions  concerning  the  state  of  the  art  are 
included  in  Section  6,  0. 

2  TWO-DIMENSIONAL  INTERACTION  IN  SUPERSONIC  FLOW 
2.  1  Description  of  the  Flowfield 

Data  obtainsi]  from  a  large  number  of  experimental  investigations  have  made  it  possible  to  provide 
a  qualitative  des*.  ription  of  the  two-dimensional  jet  interaction  flowfieid  when  the  external  flow  is  super¬ 
sonic.  Mitchell  (1)  has  presented  one  example  of  a  detailed  description  of  such  a  flowfield,  based  upon 
data  obtained  by  Romeo  and  Sterrett  (2).  Some  of  the  important  features  of  the  flowfield  are  9hown  ir.  Fig¬ 
ure  1,  a  shadowgraph  photograph  obtained  from  the  investigation  of  Reference  3.  Figure  2  provides  a 
schematic  diagram  of  the  flowfiald  shown  in  the  shadowgraph  with  the  associated  static  pressure  distri¬ 
bution.  In  this  e-ai.'ple,  the  jet  is  sonic,  underexpanded,  and  normal  to  the  wall.  The  boundary  layer  is 
turbulent  upstream  o’  the  interaction  region,  and  the  effective  obstruction  to  the  external  flow  formed  by 
the  jei  is  larger  than  .'ho  undisturbed  boundary-layer  thickness.  End  plates,  with  glass  inserts,  mounted 
at  each  end  of  the  slot  are  visible  in  the  photograph. 
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In  the  fliwfiald  shown  in  Figure  1,  the  boundary  layer  is  separated  upstream  of  the  jet  location 
and  &  shock  wavo,  labeled  "separation  shock,  "  originates  near  the  separation  line.  The  static  pressure 
rises  in  the  vicinity  of  separation,  reaches  a  plateau  (data  from  some  experiments  show  a  first  peak), 
and  risce  again  in  the  immediate  vicinity  of  the  jet.  Static  preaeure  and  flow  visualisation  data  obtained 
from  many  sources  including  jet  interaction  experiments  imply  that  the  behavior  of  the  flow  m  the  vicinity 
if  separation  depends  only  upon  the  upstream  conditions  and  is  almost  independent  of  the  mechanism  by 
which  separation  is  produced.  However,  in  order  to  satisfy  the  boundary  conditions  when  separation  is 
caused  by  a  jet,  at  '.east  two  counterrotating  vortices  are  required  within  the  upstream  separated  region. 

The  shock  structure  within  an  underexpanded  jet  which  interact*  «v*ih  an  external  flow  is  quite 
similar  to  the  shock  etructure  within  an  under  expanded  jet  exhausting  into  a  quiescent  medium  for  at 
least  a  few  exit  diameters  from  the  exit  plane.  When  the  jet  is  high',  wnderexpanded,  moat  of  the  jet  flow 
passes  through  a  normal  shock  before  it  is  turned  to  the  exter  tal-flow  direction.  A  shear  layer  surrounds 
the  jet  »t  the  exit. 


The  separated  external-flow  boundary  layer  meeta  the  shear  layer  at  tire  upstream  boundary  of 
the  ict  to  term  the  mixing  layer  between  the  jet  and  the  external  flow.  A  shock  wave,  labeled  "blow  shock" 
in  Figure  2,  originates  in  this  region.  The  multiple  Images  which  can  be  seen  for  the  aeparation  shock, 
the  bow  shock,  and  the  recompression  chock  in  Figure  1  indicate  that  the  flow  is  somewhat  unsteady,  and 
that  the  distance  through  which  the  shock  waves  move  is  much  smaller  than  the  separation  distance. 

Studies  of  supersonic  and  hypersonic  turbulent  boundary -layer  flow  over  solid  spoilers  and  ramps,  inrlud 
mg  measurement?  of  static  pressure  fluctuations  (4,  5),  have  shown  a  significant  degree  if  flow  unsteadiness 
in  the  separated  region. 

A  second  separated  region  exists  downstream  of  the  jet.  This  region  has  some  of  the  character¬ 
istics  of  the  separated  region  found  m  flow  over  a  rearward-facing  step.  When  the  external  flow  is  super¬ 
sonic,  the  static  pressure  immediately  downstream  of  the  jet  is  less  than  the  static  pressure  of  the 
undisturbed  flow,  Pj,  as  illustrated  in  Figure  2.  In  hypersonic  flow,  downstream  pressure  distributions  in 
which  the  ratio  P/Pj  is  always  greater  than  unity  are  often  observed  (6).  The  geometry  of  the  downstream 
separated  region  sketched  m  Figure  2  Implies  a  component  of  velocity  normal  to  the  ws.ll  upstream  of 
reattacbment,  at  least  near  the  dividing  streamline.  The  recompression  shock  is  requited  to  turn  the  flow 
parallel  to  the  wall. 

Although  the  example  shown  in  Figures  1  and  2  is  believed  to  exhibit  most  of  the  important 
characteristics  of  flowfields  created  by  jets  from  slot-typo  noaales,  some  variations  from  this  pattern 
are  observed.  If  the  je>  is  not  highly  underexpanded,  or  if  the  exit  Mach  number  is  supersonic,  the  sys¬ 
tem  of  shock  waves  in  the  jet  will  be  altered.  Studies  of  two-dimensional,  supersonic  jets  exhausting  into 
a  quiescent  medium  reported  by  Driftmyer  (7)  did  not  show  normal  shock  waves  in  tbs  jet.  For  a  con¬ 
verging  jet  nozzle,  as  the  jet-to-free-stream  pressure  ratio  is  reduced,  the  normal  shock  will  occur  at 
a  lower  upstream  Mach  number  until,  at  a  sufficiently  low  pressure  ratio,  a  system  of  oblique  shocks  will 
take  the  place  of  a  normal  shock.  If  the  pressure  ratio  is  reduced  still  further,  the  jet  may  be  entirely 
subsonic  as  it  is  turned. 

If  the  boundary  layer  of  the  undisturbed  flow  >s  laminar,  the  separation  angle  is  much  smaller 
than  that  shown  in  Figure  1.  The  laminar  boundary  layer  separation  angle  is  of  the  order  of  a  few  deg¬ 
rees  and  thr  associated  pressure  rise  is  also  much  smaller.  A  shadowgraph  photograph  of  such  a  flow 
obtained  from  the  investigation  of  Reference  6  is  presented  in  Figure  3.  Separation  tends  to  promote 
transition  in  the  shea?  layer,  so  that  a  flow  which  was  entirely  laminar  in  the  absence  of  the  jet  may 
become  transitional  when  the  jet  is  introduced.  If  transition  occurs  between  the  separation  line  and  the 
jet,  the  static  pressure  usually  rises  to  a  plateau  just  downstream  of  separation,  and  then  rises  again 
near  the  jet  location  to  a  final  pressure  which  is  comparable  to  the  plateau  pressure  characteristic  of 
turbulent  separation.  The  location  of  transition  is  sensitive  to  small  change b  in  the  external  flow  and  Ine 
jet  flow,  so  that  a  change  in  the  static  pressure  distribution  can  be  observed  for  *  small  variation  in 
nominal  flow  conditions.  Little  is  known  about  the  details  of  the  region  dividing  the  jet  and  the  external 
flow.  However,  because  of  the  inherent  instability  of  free  shear  layers,  it  is  unlikely  that  many  experi¬ 
mental  flowfields  i  smain  laminar  through  reattachment. 
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2.  2  Simulation  of  the  Jet  Interaction  Flow-field 


Iture  are  several  examples  in  the  literature  of  different  perspectives  concerning  the  formulation 
of  similarity  parameters  for  the  jet  interaction  flowfield.  These  include  application  of  dimensional  anal* 
ysis.  the  formulation  of  simplified  analytical  models,  and  the  choice  of  a  set  of  parameters  based  upon 
engineering  judgment.  In  any  approach,  some  simplifying  assumptions  are  necessary  ‘f  the  number  and 
complexity  of  similarity  parameters  is  to  be  kept  within  reasonable  limits.  Consequently,  the  validity  of 
a  set  of  similarity  parameters  is  limited  by  the  assumptions  made  in  its  formulation  and  by  the  range  of 
cxpei mental  data  employed  to  verify  it  In  most  of  the  literature  cited  in  the  references,  the  assumptions 
made  tn  the  selection  of  similarity  parameters  are  essentially  the  same,  but  are  not  always  expl  cltly 
stated.  Ihe  requirements  for  jet  interaction  flowfield  simulation  are  discussed  m  detail  in  the  following 
section  tn  an  at.empt  to  identify  the  assumptions  which  are  implied  by  a  particular  sot  of  similarity 
parameters  Aerodynamic  simulation  requirements  i.i  the  absence  of  jet  flow  are  reviewed  briefly,  and 
then  extended  to  include  two  interacting  fluid  streams. 

Similarity  between  two  (lnwfs<*ln*  implies  that  pr.-per-y  norma.Lred  dependent  variables -the 
velw<tty  vn  tm  ind  *t,e  thermodynamic  state-lire  the  name  at  i  or  i  eeponding  station*,  i.e  ,  at  the  um> 
van''*  ot  thr  noftoalive.1  tridcpend-ot  cai-isM*  Slrru  ,  >  t  >  ■*.,)!  be  e.ihie-  e,!  it  eq.uiHone  *n.-t  bound  \ 


condition*  governing  the  fluid  motion  are  identical,  when  they  are  nondimencionalized  in  a  consistent 
manner.  If  the  fluid  in  question  bshaves  as  a  perfect  gas,  the  requirements  for  dynamic  and  thermal 
similarity  between  two  flowfield*  about  solid  bodies  can  be  stated  as  follows  (8): 


1.  The  bodies  must  De  geometrically  similar. 

2.  Values  of  Mach  number,  Reynolds  number,  Prandtl  number,  and  specific  heat  ratio  must 
be  the  same. 

3.  The  dimensionless  wall  temperature  distribution  must  be  the  same. 

These  well-known  results  are  often  derived  by  dimensional  analysis,  in  which  a  list  is  made  of 
relevant  physical  variables  such  as  density,  temperature,  viscosity,  etc.,  that  are  then  used  to  form  the 
minimum  number  of  dimensionless  groups.  This  method  is  simple  and  is  useful  when  the  physical  situa¬ 
tion  is  already  rather  wall  understood.  The  difficulty  with  this  approach  is  that  it  given  no  information 
about  ths  initial  choice  of  physical  variables.  A  similarity  analysis  based  on  the  equations  of  motion 
eliminates  this  difficulty  and  gives  additional  information.  For  example,  if  the  preceding  simulation 
requirements  are  fulfilled  for  flows  about  two  bodies,  then  it  can  be  shown  that  any  two  consistently 
defined  Reynolds  numbers  will  be  matched.  There  is  therefore  no  need  for  concern  about  the  proper 
choice  of  reference  length,  reference  velocity,  etc.  Parameters  derived  from  a  similarity  anal¬ 
ysis  are  coefficients  of  terms  in  the  equations  of  motion,  and  thus  have  specific  physical  significance.  On 
the  other  hand,  considerable  judgment  and  intuition  is  usually  required  in  the  process  of  giving  correct 
physical  interpretations  to  dimensionless  groups  which  are  the  result  of  dimensional  analysis. 

Using  either  method  of  analysis,  it  is  possible  to  define  a  number  of  similarity  parameters  which 
must  be  matched  to  scale  the  flowfield  consisting  of  a  jet  exhausting  from  a  body  in  a  uniform  flow.  The 
undisturbed  uniform  flow  is  selected  as  a  freestream  reference  state  and  the  overall  length  of  the  body, 

2*  is  selected  as  the  reference  length.  The  partial  list  of  parameters  required  for  similarity  is  then 
written. 
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If  the  jet  flow  is  considered  to  be  independent  of  the  external  flow,  the  additional  set  of 
parameters 
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must  be  added  to  asuure  similarity. 

In  these  parameter  definitions,  d  it.  a  characteristic  nozzle  dimension  and  the  subscript  j  refers 
to  a  specific  location  within  the  jet  flow  (for  instance,  at  *he  nozzle  exit).  The  governing  equations  for  the 
combined  flowfield  now  contain  diffusion  terms  that  generate  an  additional  independent  dimensionless 
group,  one  formof  which  is  the  Schmidt  number,  p/p D,  where  D  is  the  diffusion  coefficient.  Similarity 
of  the  entire  flowfield  requires  that  the  same  reference  quantities  be  used  throughout.  Thio  can  be 
achieved  if  it  is  required  that  ratios  of  corresponding  reference  quantities  for  the  two  streams  be  matched. 
If  this  is  done,  the  previous  set  of  requirements  pertaining  to  the  jei  alone  will  be  satisfied  automatically 
when  those  pertaining  to  the  freestream  are  satisfied.  Specifically,  it  is  possible  to  replace  the  previous 
group  of  jet-related  variables  by 
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This  set  of  simulation  requirements  is  highly  restrictive,  but  considerable  simplification  is 
usually  permissible  in  scaling  wind  tunnel  tests.  If  the  external  flow  is  always  air,  Prw  and  will  bo 
-  early  matched  automatically.  The  requirement  for  simulating  the  wall  temperature  distribution  is  only 
important  when  higher-order  viscous  interaction  effects  are  important  or  when  it  is  necessary  to  simulate 
skin  friction  precisely.  Wall  temperature  effects  are  sometimes  significant  in  determining  the  exact 
extent'of  the  separated  regions.  Another  problem  encountered  in  the  design  of  precise  experiments  is  that 
simulation  of  the  Mach  and  Reynold*  •‘lumber"'  and  dimensi*  .ileas  temperature  distribution  will  not  nec¬ 
essarily  lead  to  simulation  of  the  location  of  boundary  layer  transition.  This  is  partly  because  surface 
roughness  effect*  will  not  be  simulated,  but  primarily  because  of  wind  tunnel  boundary  layer  noise.  As 
a  result,  the  problem  of  simulating  transition  location  must  usually  be  considered  separately  Irom  other 
scaling  requirement*. 

Since  free  shear  layers  are  nearly  always  turbulent  at  Reynolds  numbers  of  practical  interest, 
transport  by  molecular  diffusion  and  conduction  at  the  shear  layer  may  be  neglected,  and  the  only  mole¬ 
cular  transport  properties  that  inu«»  ba  included  are  those  tha*  influence  the  vehicle  boundary  layer 
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These  approximations  lead  to  a  simplified  ?et  '£  eimuU..;on  requirements,  one  form  of  which  is, 

1.  Geometric  similarity  of  both  the  body  and  i>e  nozzle 

2.  Duplication  of  M  and  Re. 

eo  JL,® 

3.  Duplication  of  y.,  po:JPo9 

where  kM  is  the  molecular  weight  and  tho  subscript  o  refers  to  stagnation  conditions.  It  is  clear  that  the 
group  in  Item  3  is  not  unique.  Other  discussions  of  this  subject  may  be  found  in  the  literature  (9,  10,  11). 

Various  idealizations  of  the  interaction  region  have  been  proposed,  from  which  even  simpler  sets 
of  scaling  requirements  can  be  derived.  The  range  of  applicability  of  each  simplified  method  must  be 
determined  by  testing  it  against  experimental  results.  One  key  idea,  variations  of  which  are  contained  in 
several  proposed  analyses,  is  that  the  jet  can  be  characterized  by  its  momentum  flux  vector  at  the  nozzle 
exit.  This  assumption  leads  to  the  normalization  of  jet  interaction  force  data  by  a  reference  value  of  jet 
thrust,  rather  than  by  a  reference  geometric  area  and  the  dynamic  pressure  of  the  external  flow.  The 
following  data  presentation  will  illustrate  some  of  the  advantages  and  limitations  of  this  procedure. 

2.  3  Results  of  Experiments 


Representative  examples  o.  jet  interaction  data  will  be  presented  in  the  following  sections. 
Initially,  results  from  experiment'  which  simulate  two  dimensional  flow  as  nearly  as  possible  will 
be  presented.  The  criteria  for  selection  of  two-dimensional  flow  exclude  those  experiments  in 
which  end  plates  large  enough  to  enclose  the  separated  regions  were  not  used  and  those  in  which  the  dis¬ 
tance  from  the  jet  to  the  serration  line  did  rot  greatly  exceed  the  sl.t  span  (see  Worle  12  for  a  discus¬ 
sion  of  these  criteria).  End  plates  are  mounted  at  each  end  of  the  slot,  aligned  with  the  external  flow,  and 
normal  to  the  plane  containing  the  slot. 

Experiments  conducted  for  the  purpose  of  creating  a  flowxield  which  is  very  nearly  two- 
dimensional  include  jets  from  high  aspect  ratio  slot  nozzles  in  a  flat  plate,  similar  experiments  ir  wi.lch 
end  plates  are  used,  and  axisymmetric  experiments.  In  principle,  nxisymmetric  experiments  are  pref¬ 
erable.  They  are  seldom  conducted,  however,  probably  because  the  requirement  for  a  model  with  a 
very  large  radius  of  curvature  relative  to  the  jet  penetration  height  causes  this  type  of  expr  rfment  to  be 
relatively  costly.  Results  from  flat  plate  experiments  without  end  plates  are  influenced  by  transverse 
outflow  from  the  subsonic  recirculation  regions.  End  plate'  do  not  eliminate  end  effects,  tut  their  use 
should  prevent  this  outflow.  This  phenomenon  will  be  discussed  in  more  detail  in  Secvirn  3.  0. 

2.  3.  1  Static  Pressure  Data 


An  example  of  wall  static  pressure  data  obtained  in  supersonic  flow  with  a  turbulent  boundary 
layer  is  presented  in  Figure  4.  Pressures  normalized  by  Pj  are  plotted  versus  IT,  tho  distance  from  the 
slot  The  upstream  plateau  in  the  pressure  distribution  Logins  to  appear  at  separation  distances  of 
roughly  2  inches  or  more;  the  pressure  immediately  upstream  of  the  slot  did  not  re^ch  a  limiting  value. 
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Some  similar  sets  of  data  obtained  from  experiments  with  forward- facing  steps  show  that  a  well -defined 
plateau  is  exhibited  by  the  upstream  static  pressure  distribution  only  when  the  step  height  is  at  loast 
equal  to  the  undisturbed  boundary  layer  thickness  (h/6  S  1).  A  notable  exception  is  the  data  of  Driftmyer 
(13),  obtained  at  Mj  -  4.  9,  in  which  a  plateau  was  present  when  h/6j  5  0.  3.  in  the  results  shown  in 
Figure  4,  the  minimum  pressure  downstream  of  the  slot  was  nearly  constant,  independent  of  j«t  atrength 
Following  the  minimum,  each  of  the  pressure  distributions  in  the  downetream  region  shows  an  overshoot 
of  Pj,  followed  by  a  decay  to  Pj. 

A  similar  set  of  data  obtained  from  experiments  on  a  wind  tunnel  nozzle  wall  at  a  much  higher 
Reynolds  number  is  shown  in  Figure  5.  Tho  test  setup  for  these  experiments  included  a  21-inch  slot 
enclosed  between  end  plates  which  were  10.  0  inches  high.  The  end  plates  e,  ‘ended  40  inches  upstream  of 
the  slot  and  13.  0  inches  downstream.  The  test  section  was  approximately  4  by  4  feet  Boundary  layer 
data  were  obtained  on  the  test  section  wall  opposite  the  jet.  The  boundary  layer  thickness  for  the  test 
conditions  shown  here  was  approximately  2.  6  Inches.  Reynolds  numbers  based  upon  an  effective  flat  plate 
length  were  computed  from  Reynolds  numbers  based  on  boundary  layer  momentum  thicknesses.  A  com¬ 
plete  description  of  th>jse  experiments  can  be  found  in  Reference  14.  A  comparison  of  Figures  4  and  5 
shows  that  the  static  pressure  distributions  have  the  same  general  characteristics. 


DISTANCE  FROM  NOZZLE,*  (IN.) 

Figure  5,  Static  Precure  Diltributioni,  Mi  »  3.49,  High  Reynolds  Number,  Reference  J4 


Figure  6  gives  an  example  of  similar  data  reported  by  Barnes,  et  al  (6)  obtained  from  a  flat  nl»t» 
experiment  at  c  b.  The  plate  measured  27.  6  inches  by  15  inches  and  had  a  9-inch  span  slot  nozzle 
locate  1  19.  9  inches  down- stream  of  the  leading  edge.  End  plates  4  inches  high  were  mounted  at  either  end 
of  the  slot,  and  extended  nearly  the  entire  length  of  the  plate.  The  data  labeled  "turbulent”  in  Figure  6 
were  obtained  with  a  boundary  layer  trip  consisting  of  a  row  of  0.  078-lnch-diametor  steel  balls  located 
2.  24  inches  from  the  plate  leading  edge.  Viscous  interaction  and  a  slight  misalignment  of  the  model 
with  the  tunnel  flow  are  responsible  for  differences  between  P®  and  the  static  pressure  distribution  on 
the  plate  in  the  absence  of  jet  flow.  The  value  of  Mj  for  these  experiments  was  approximately  7  8. 

When  a  boundary -layer  trip  was  used,  both  static  pressure  distributions  and  Schlieren  photographs  indi¬ 
cated  that  transition  occurred  well  upstream  of  the  interaction  region.  The  general  features  of  the 
upstream  pressure  distributions  obtained  with  a  turbulent  boundary  layer  are  the  same  as  In  the  preced 
ing  two  figures,  except  that  the  pressure  ratios  are  higher.  Downstream  of  the  slot,  the  pressure  ratios 
are  always  greater  than  unity,  in  contrast  to  the  lower  Mack  number  results  where  downstream  minimums 
wore  leas  than  unity  The  maximum  pressure  ratio  ir.  the  J0..0U earn  region  in  scon  to  dopend  upon  the 
jet  stagnation  pressure  or  mass  flow  rate  Data  obtained  without  the  trip  show  features  which  are  typical 
of  transitional  separation,  a  much  longer  separation  distance,  and  a  lowor  initial  plateau,  followed  by  a 
region  ol  moderate  pressure  gradient.  These  general  features  have  been  observed  in  numerous  other 
experiments  in  transitional  flows  at  lov,e.  Mach  numbers,  for  example,  see  Strike,  et  al  (15).  Note  that 
the  pressure  distribution  m  the  region  downstream  of  the  jet  is  altered  only  slightly  by  the  presence  of  the 
boundary-layer  trip. 


Data  reported  by  Barnes,  et  al,  obtained  at  a  lower  Reynolds  number  and  without  a  boundary -layer 
trip  are  presented  in  Figure  7.  The  character  of  the  static  pressure  distributions  and  Schlieren  photographs 
indicate  the  flow  was  laminar  upstream  of  the  jet.  In  tins  case,  as  in  all  other  nominally  lami„ar  jet  inter, 
action  experiments,  no  attempt  was  made  to  measure  fluctuations  in  flow  properties,  so  that  transitional 
effects  cannot  be  ruled  out.  These  data  show  much  lower  plateau  presume  latios  than  are  observed  in 
turbulent  interactions  at  the  same  Mach  number,  except  when  the  (low  was  separated  to  the  leading  edge  of 
the  plate  The  average  pressure  ratios  in  the  downstream  regic-T  are  also  lower  than  comparable  tuibulent 
boundary  layei  values  illustrated  in  the  previous  figure 


PRESSURE  RATIO  (p/p^)  PRESSURE  RATIO  <p/p00> 


LSr*  h0th  jet*  “d  ,tepM  ia  Pre,entcd 

formed.  The  emoiricel  equation  propo.ed  for  plateau  pressure (23*  WeI1-deflRad  Plttte*u  «« 


M, 

pj/p, .  i  ♦  -J 


(1) 


5PT50ahWM  ^d“c*"^t*tep^.ln«nj«!1  S  impingUg=^hock?ntThd  **”*  With  the  data  which 

•mall,  except  possibly  near  the  minimum  uyer  eepar*tion,  the  variation  in  P2/P,  with  Re  i  i* 

observed  (,6,  23,  24,  V  w*‘lch  *«ta*ent  boundary  laycr/are 

ot  a!  (25)  with  Mj  =  4,  which^how^ecrea.teg  P^/S lei  *  V*  °fdlU  P«»«ted  by  Werte, 

<  7  x  iO6,  where  L.  i*  the  runnina  lenath  from  4,.  Vr  7?  increasing  Reynold#  number  (2  x  105  ?Rei 
•eparation  line,.  Super. onic  mainstream  data  . hLf fn  FiLre  ft'cor r^'  ^^‘^““dary  layer  to  the 
.xderable  .carter  and  systematic  variation  is  prei«t  in  Si”  oorre.pond  to  10<  *Re&1  ?5x  10&.  Con- 
s  carter  i#  probably  a  result  of  the  inherently  poorer  accurao,/fe^80niC  m*^ftream  d»ta.  Some  of  the 
tunnel#,  relative  to  continuous  and  blowdown  tunnel#  In  a  J  t"d  r*P*at*bility  °f  ahock  tunnel#  and  gun 
was  concluded  that  P2/?j  become,  increa^al?  °f  hyP=rsonic  data  by  Reeve.  (Zi)  it 

increasing  Mf  This*!.  illustrated  ^dSf^ElLf^zn'  t i **  gaparatad  #hear  ^er  2Sh 

ramp,  ana  P2/P,  w«  ob.erved  to  depend  upon  the  ramoTniu  ’  7hich  j>eParf‘ion  wa.  induced  by  a 
aure.  in  hypersonic,  turbulent  flow  cin  be  ^de  at  th^resent  ttae  V  C”thnate8  o{  Putea«  pres- 

upstream  of  the  jet,  may  be  approximafedby  ^  *eCOnd  peak  Pres»ur®.  p2.  which  occurs  immediately 


P2  *  P. 

*•  2  Sp^-jr-S  1.3 

2  *1 


(2, 


h"'  ‘ni  «h"  *w°-dimcr.aion»l  f,„w  i.u  indict  *i.  , 


ia  a 


A  limited  number  of  comparisonsV indiTate^Sit'the  ^ate131"1"*1  ***  1”teraction  data  hava  been  obtained, 
atep-  or  ramp-induced  separated  flow!  '  M e„£frfca i  ^  *gree  With  data  obtained  from 

flow,  i,  (27)  •  ^  empiriCal  which  agrees  well  with  data  from  laminar 


ReL  (Mf  -  ,) 

17? 

a  v  7 

(3) 


CV|  «- 

0.  lo. 

o 

P 

< 

a 

VI 

G 


Ul 

cr. 

a. 

D 

< 


INVESTIGATOR 

O  STFRRETT  AND  BARBER 

OHEYSER  AND  MAURER 

D  TOOl SCO  AND  REEVES 

A  ELF8TR0M 

0  HOLDEN  ^ 

O  VARIOUS  SOURCES  IDENTIFIED  IN 
REFERENCE  23 
OPEN  SYMBOLS,  SEPARATION 
PRODUCED  BY  RAMPS,  STEPS.  OR 
SHOCK  IMPINGEMENT 
SOLID  SYMBOLS,  JET  INDUCED 
SEPARATION 


8  7  5  9 

LOCAL  MACH  NUMBER,  M1 

F*w»8.  Co.r»)*tk>n of  Pbtaw Pmsuro Dsta for  Two-Olmtndonal Turbutam Boundary  Lsyt*  Stswation 


^siQM'-i.n'imy*i!Wir*wrvx-''  l"  r'ro'7TI 


Results  of  studies  reported  by  Zukoski  (23),  Werle,  et  *1  (25),  and  Driftmyer  (13)  agree 
concerning  the  length  scales  for  pressure  distributions  resulting  from  two-dimensional  turbulent 
separation  caused  by  jets  or  solid  obstructions.  They  indicate  that  6  [  is  the  appropriate  length  scale  for 
the  static  pressure  distribution  in  the  region  beginning  with  the  initial  pressure  rise  and  extending  some¬ 
what  downstream  of  the  location  of  maximum  pressure  gradient.  Farther  downstream,  the  dominant 
length  scale  changes  to  the  separation  distance,  step  height,  or  effective  jet  penetration  height.  Jet 
interaction  data  obtained  at  high  Mach  numbers  and  Reynolds  numbers  are  in  agreement  with  these 
results,  at  least  in  the  region  scaled  by  6j,  as  shown  hi  Figure  9.  Tata  in  that  figure  cover  wide  ranger 
in  flow  conditions  including  2.  5  £  Mj  s  12.4,  0.71  in.  £  6j  £  4.0  in.,  and  3  x  10*  s  Re§.£  5  x  10“.  In 
this  case,  the  origin  has  been  located  at  the  point  P-Pj  =  0.  6  (Pg  -  Pi).  The  separation  line  would  have 
been  a  more  physically  meaningful  choice  for  the  origin  of  coordinates;  however,  experimental  separation 
locations  were  available  in  only  a  few  instances.  It  is  clear  that  any  choice  of  origin  which  would  cause 
superposition  of  the  regions  of  maximum  dP/dX  would  show  the  same  result. 
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Figure  0.  Correlation  of  Static  Pressure  Distribution  for  Turbubnt  Boundary  Laysr  Separation 


Much  less  information  is  available  about  the  region  downstream  of  the  jet  than  about  the  upstream 
region.  The  studies  presented  by  Barnes,  et  al,  (6)  and  by  Kaufman  and  Koch  (28)  are  the  most  compre¬ 
hensive.  An  analysis  and  limited  comparison  with  data  is  presented  by  Tang,  et  al,  (29).  A  correlation 
of  data  obtained  at  Mj  =  4.  0  is  presented  by  Werle,  et  al,  (25). 

A  compilation  of  data  pertaining  to  the  minimum  pressure,  P31  downstream  of  the  jet  is  plotted 
versus  Mj  in  Figure  10.  Included  are  turbulent  flow  data  covering  a  wide  Reynolds  number  range,  data 
where  the  boundary  layer  was  laminar  in  the  absence  of  the  jet,  a  wide  range  of  values  of  Poj/Pi,  and 
experiments  with  air,  nitrogen,  and  helium  jets.  Some  of  these  data  were  obtained  either  with  rather  small 
end  plates  (31)  or  without  end  plates  (32).  Some  evidence  (3,  6)  indicates  that  the  value  of  P3/P1  may  not 
be  sensitive  to  the  presence  or  absence  of  end  plates.  The  range  of  vaiut.8  obtained  from  a  single  set  of 
experiments  at  a  single  Mach  number  and  Reynolds  number  are  shown  as  a  vertical  line  with  a  single 
symbol.  Little  variation  with  P0./Pj  was  observed  in  the  supersonic  range.  Pressure  ratiou  obtained  with 
helium  as  injectant  were  higher  tnan  those  obtained  from  experiments  with  air  or  nitrogen  jets.  The  large 
variation  shown  by  the  hypersonic  data  is  partly  a  result  of  the  large  pressure  gradients  in  this  region 
(eec  Figure  6)  which  depend  on  jet  flow  rate  or  P<>,/Pl*  As  the  steeper  gradients  change  location  with 
fixed  pressure  tap  locations,  resolution  of  the  pressure  distribution  changes  for  a  given  experiment.  Other 
sources  of  variation  include  scatter  resulting  from  low  absolute  pressure  levels  in  this  region  or  from  a 
variety  of  sources  in  the  shock  tunnel  data.  Systematic  variation  with  jet  flow  conditions  it  probably 
present  also.  In  spite  of  these  difficulties,  a  reasonably  clear  trend  of  increasing  P3/P1  is  present.  The 
nominally  laminar  data  agree  with  the  turbulent  data  for  Mj  <7.  It  is  possible  that  the  shear  layers  down¬ 
stream  of  the  jets  were  actually  turbulent  in  these  experiments.  The  data  of  Kaufman  (33)  for  Mj  >  9  have 
not  beer,  included  because  of  the  large  variation  in  pressure  ratio  measured  at  the  first  downstream 
pressure  tap  location. 

Also  included  in  Figure  10  is  a  curve  for  laminar  flow  obtained  from  a  jet-mixing  analysis 
presented  in  Reference  6.  The  theory  predicts  the  observed  trend  with  Mach  number.  Since  the  theory 
depends  upon  ReL  and  (P„.d)/(PjL)  where  L  is  the  distance  from  the  plate  leading  edge  to  the  slot  and  d 
is  the  slot  width,  the  theoretical  prediction  is  actually  a  two-parameter  family  of  curves  in  these 
coordinates. 
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Figure  11  include*  data  and  semi-empirical  predictions  for  the  peak  pressure  P4/P1,  in  the 
downstream  region,  for  turbulent  interactions.  In  the  analysis  of  Barnes,  et  al  (6),  it  is  assumed  that 
P4  is  proportional  to  the  static  pressure  in  the  jet,  just  after  it  has  passed  through  the  normal  shock. 
The  resulting  expression  for  both  laminar  and  turbulent  interactions  is 


Po/Pl 

k4  hJ/d 


(4 


where:  k^  r  0.  2  for  Y,  -  I.  4;  k,j  -  0.  22  for  Yj  -  1.  67;  and  h  is  the  predicted  penetration  height  of  the  jet, 
which  depends  upon  (P0 ,/ Pi )/(d/ 1_),  Y j .  M)  and  Re^for  normal  sonic  injection.  The  method  of  Kaufman 
and  Koch  (28)  is  derived  from  the  method  of  Barnes,  et  ai.  Both  the  data  and  analyses  show  a  trend  of 
increasing  P4/P1  with  increasing  P0j/Pj  or  jet  mass  flow  rate. 
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The  range  of  measured  values  of  Pa/Pi  for  nominally  laminar  flows  is  shown  in  Figure  12.  The 
range  of  values  obtained  from  a  single  set  o 7  experiments  at  a  single  Mach  numbor  is  shown  as  a  vertical 
line  with  a  single  symbol.  The  data  of  Barnes,  et  al,  and  Strike  (32)  show  increasing  P*/Pj  with  increas¬ 
ing  jet  pressure  ratio  or  mass  flow  rate.  Comparisons  fectweon  data  and  the  analyses  of  Barnes,  at  al, 
and  Kaufman  and  Koch  (28)  show  fair  agreement.  However,  the  data  are  not  sufficient  in  either  quantity 
or  quality  to  permit  definite  conclusions  to  be  reached. 

Barnes.  et  al,  Kaufman  and  Koch,  and  Werle,  et  al,  (25)  have  suggested  that  the  length  scale  of 
the  downstream  flow  Held  is  proportional  to  the  effective  penetration  height  of  the  jet  Werle,  et  al,  pre¬ 
sent  a  good  correlation  of  data  for  a  single  value  of  Mj  by  utilizing  this  idea.  A  review  of  data  which 
cover  a  wide  range  of  flow  conditions  (28)  indicates  that  this  assumption  Is  reasonable. 
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2.  3.  2  Flow  Surveys  and  Concentration  Measurements 

A  small  number  of  flow  survey  and  concentration  measurement  experiments  have  been  made  for 
two-dimensional  jet  interaction  flows.  Pitot  pressure  and  concentration  data  for  argon  and  helium  injec¬ 
tion  have  been  reported  by  Spaid  134).  End  plates  were  not  used  and  significant  three-dimensional  effects 
were  probably  present  Buffum.  et  al,  (35)  present  concentration  data  for  helium  injection  into  an  expand¬ 
ing  two-dimensional  nozzle. 


Detailed  flowfield  surveys  downstream  of  a  two-dimensional  normal,  sonic  air  jet  have  been 
conducted  by  Werle,  et  al.  130)  at  Mj  1  5.  with  a  turbulent  boundary  layer  upstream  of  the  interaction 
region.  Data  included  shadowgraph  photographs,  pitot  pressures,  stagnation  temperatures,  and  static 
pressures  measured  using  a  10-degree  half-angle  conical  probe  Streamlines  were  mapped  by  computing 
integrals  of  mass  flow  rate  in  the  direction  normal  to  the  plate  at  various  X-locations.  An  example  of 
data  obtained  from  this  investigation  is  presented  in  Figure  13  The  Z-coordinate  is  measured  from  the 
plate  surface,  normal  to  the  plate.  Similar  flow  survey  data  obtained  from  experiments  without  end 
plates  have  been  reported  by  Strike  (32). 


Shreeve  (11)  has  conducted  an  experimental  study  of  the  flow  produced  by  a  circumferential  jet 
from  the  surface  of  a  5-degree  half-angle  cone  model  at  Ma  =  6  A  sketch  of  Shreeves's  model  installed 
in  the  tunnel  is  shown  in  figure  14  The  boundary  layer  upstream  of  the  interaction  region  was  turbulent, 
and  the  angle.  6.  between  the  iet  direction  and  the  cone  surface  was  varied  from  5  to  120  degrees  The 
jet  exit  Mach  number  was  1.  4.  Data  included  shadowgraph  and  Schliercn  photographs,  static  pressure 
distributions  downstream  of  tho  jet.  pitot  pressure  eurvoys.  and  stagnation  temperature  surveys  This 
experimental  arrangement  was  chosen  in  order  to  eliminate  end  effects,  but  significant  transverse  curva¬ 
ture  effects  were  present  Transformed  coordinates  were  used  in  an  attempt  to  remove  these  effects 


Values  of  the  downstream  peak  pressur*-,  P^/Pj  “sr;  shown  by  Shrscv 
PGj/Pl  In  his  experiments,  1  5  <i  P4/PJ  <2  3,  which  is  consistent  with  the  results  shown  in  Figure 
The  flow  survey  measurements  »,re  used  to  dotormine  the  location  of  the  dividing  streamline  between 
the  jet  and  the  external  flow.  It  was  shown  that  profiles  of  mass  flux  could  be  obtained  with  sufficient 
accuracy  from  the  pitot  pressure  and  stagnation  temperature  measurements  The  displacement  of  the 
dividing  streamline  was  found  to  be  insensitive  to  jet  inclination  angle  for  SsOs  20  degrees  Within 
this  range,  the  following  •’orroiation  equation  represents  the  data 
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Fi'jvwo  14  Sdtemetie  of  Sftretve'r  Experiment,  Reference  1 1 


where 


R  =  distance  from  cons  axis  normalized  by  rj,  the  radius  of  the  cone  aurface  at  the  jet 
upstream  edge 

Yq,  =  distance  from  the  cone  surface  to  the  dividing  streamline,  measured  normal  to  the 
cone  axis,  normalized  by  dj 

dj  =  equivalent  jet  exit  diameter,  dj  =  jet  exit  area/(2erj) 

X  s  distance  along  the  cone  surface  from  the  upstream  edge  of  the  jet,  normalized  by  dj. 
For  8  =  45  degrees,  the  dividing  streamline  was  correlated  by. 


!■„,  0.231  (x°- 2,5  PoVPl)  °' 


and  for  near-normal  jets,  the  following  approximate  correlation  equations  were  obtained: 


RI+.  0.197  (x°- 125  Po/Pl)°’81!; 
RY+,  O.220(xO*"VPl)°'8“ 


8  =  90  degrees 


8  =  120  degrees 


The  edge  of  the  mixing  layer,  Ye,  was  also  located.  A  plot  of  Yip/Ye  versus  PD./Pj  for  various 
angles  shows  that  0.  4  <  Y,j,/Yc  i  0.7.  The  total  displacement  effect  of  the  jet  on  the  oufcei-  flow  was 
evaluated,  including  the  contribution  from  turbulent  shear  in  the  mixing  layer.  Analysis  of  the  data 
showed  that  for  P^./Py  ^  20  a i  '  0  *  45  degrees,  the  total  displacement  of  the  outer  flow  by  the  jet  is  not 
more  than  18  percent  greater  ti  in  the  dividing  streamline  displacement.  The  influence  of  turbulent  shear 
was  to  increase  the  total  displacement  effect,  relative  to  Y4,  with  increasing  0.  In  general,  the  rate  of 
mass  entrainment  into  the  mixing  region  was  found  to  increase  with  increasing  0. 

Results  of  a  series  of  two-dimensional  experiments  conducted  at  Mach  2.  5  with  variations  in  T<W 
T0:,  and  injectant  composition  have  been  reported  by  Thayer  (10)  and  by  Thayer  and  Corlett  (36).  The 
boundary  layer  upstream  of  the  interaction  region  was  turbulent.  Data  included  injectant  concentration 
measurements  in  the  upstream  separated  region.  An  example  of  these  data  is  given  in  Figure  IS,  in 
which  X,  the  injectant  mol  fraction,  is  plotted  versus  X/X0S,  where  X8#  is  the  distance  from  the  slot  to 
the  location  of  the  initial  pressure  rise  upstream  of  separation.  These  data  show  that  a  major  fraction  of 
the  gas  in  the  upstream  recirculation  region  comes  from  the  jet.  7  he  concentration  distributions  show 
some  of  the  characteristics  of  the  static  pressure  distribution,  including  a  concentration  plateau.  Plateau 
mass  fractions  were  correlated  by  the  parameter  (T0j/Mj)/(Tj/Mi)  as  shown  in  Figure  16. 

Concentration  data  such  as  those  shown  in  Figures  15  and  16  were  used  to  estimate  the  rates  of 
mass  transfer  across  the  shear  layers.  The  total  mass  within  the  recirculation  region  is  constant,  so 
that  as  injectant  material  and  air  are  transported  across  the  shear  layers,  an  equal  mass  flux  of  mixture 
is  transported  across  the  shear  layers  in  the  opposite  direction.  The  presence  of  a  large  region  where 
the  injeciant  concentration  is  nearly  constant  implies  that  the  air  and  injectant  mix  within  this  region  in  a 
time  which  is  short  compared  with  the  average  time  which  a  mass  of  fluid  remains  within  this  region.  It 
follows  that  the  ratio  of  injectant  mass  to  air  in  the  recirculation  region  is  directly  proportional  to  the 
ratio  of  mass  transfer  rates.  This  result  can  be  written 


m.  +  m 
J  a 
Jr  r 


m.  ‘  K.  *  * 

Jr  Jr 

where  Kj  is  the  plateau  mass  fraction  of  injectant  gas,  mjr  is  the  mass  flux  of  injectant  gas  into  the 
recirculation  region,  and  ma  is  tho  corresponding  air  mass  flux,  7'his  principle  was  applied  to  results 
of  experiments  in  which  a  kmfwn  mass  flux  of  a  tracer  gas  was  bled  into  the  recirculation  region  upstream 
of  a  forward- facing  step,  and  measurements  of  tracer  gas  concentration  were  made  upstream  of  the  step. 
Equation  (9)  was  then  used  to  determine  m*r  with  the  known  tracer  gas  mass  flow  rate  replacing  m:  .  It 
was  further  assumed  that  the  average  mass  flux  of  air  transported  acioss  the  shear  layer  upetreamroi  a 
jet  is  equal  to  the  corresponding  mass  flux  when  the  flow  is  separated  by  a  forward-facing  step,  if  the 
separation  distances  and  external  flow  conditions  are  the  same.  Values  of  m8  determined  from  the 
forward- facing  step  experiments  were  used  with  values  of  Xjr  determined  fro tfi  the  jet  interaction  experi¬ 
ments  to  determine  mjr.  It  was  found  that  the  normalized  air  mass  flux  was 
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for  the  entire  rang*  of  flow  conditions  covered  by  this  investigation.  Roughly  5  percent  of  the  total  jet 
mass  flow,  mi,  rate  passed  through  the  upstream  recirculation  region.  Figure  1?  shows  mjr/mj  as  a 
function  of  TOj/T0j  -or  various  injectant  gases. 
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2.3.3  Force  Data 

The  interaction  force  developed  upstream  of  a  two-dimensional,  normal,  sonic  jet  in  turoulent 
flow  has  been  the  subject  of  many  investigations.  Figure  18  summarizes  the  data  known  to  the  present 
authors  in  the  form  of  amplification  factor,  K.  versus  Mj  for  air  or  nitrogen  jets.  Amplification  factor 
is  defined  as 


F.  +  T 
K  =  -i - 

*cu 


where 


F.  -  interaction  force,  in  this  case  including  only  the  region  upstream  of  the  jet,  force/unit 
jet  span 


T  =  jet  thrust 

Tc;v  =  vacuum  thrust  of  a  sonic  jet  having  the  same  stagnation  conditions  and  mass  flow  rate  as 
the  actual  jet 

To  calculate  the  amplification  factors  in  all  but  one  case  shown  in  Figure  18,  interaction  forces 
were  determined  by  integrating  static  pressure  distributions  upstream  of  the  slot  along  the  X-axis.  Tie 
exceptional  case  is  the  data  of  Hawk  and  Amlck  (37)  which  were  obtained  by  direct  measurement  of  lc~zcs. 

Many  of  the  sets  of  data  were  obtained  from  flat  plate  experiments  at  constant  external  flow 
conditions,  fixed  slot  width,  and  varying  As  a  result,  .ertatlons  in  pressure  ratio  also  correspond 

to  variations  in  jet  mass  flow  rate,  size  of  the  effective  obstruction  produced  by  the  jet,  Reynolds  number 
at  separation,  distance  between  transition  and  separation,  aspect  ratio  ot  the  separated  region,  etc.  Data 
taken  in  this  manner  always  show  a  decrease  in  amplification  factor  with  increasing  P0,/Pj.  Series  of  data 
of  this  type  are  indicated  in  Figure  18  by  symbols  connected  by  a  vertical  line.  Although  substantial  varia¬ 
tion  in  *h*  data  is  present  at  a  fixed  Mach  number,  the  data  indicate  that  the  influence  of  Mj  on  K  is  quite 
small.  The  data  of  References  3,  14,  and  16  are  the  only  sets  of  data  obtained  with  large  end  plates  which 
include  measurements  made  at  several  values  of  Mj  in  the  same  facility  and  with  the  same  model  and 
Instrumentation.  Examination  of  these  data  separately  also  supports  the  conclusion  that  the  influence  of 
M{  on  K  is  smalt. 

The  data  presented  in  Figure  13  cover  a  very  wide  range  of  effective  flat  plate  Reynolds  numbers, 
ranging  from  2  0<  10°  to  r*.  5  k  10®,  The  ontromes  m  this  Reynolds  number  range  are  represented  by 
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data  from  different  facilities.  Data  from  a  given  test  series  in  which  P0.  are  varied  corresponds  to  vari¬ 
ation  in  Rek4;  however,  corresponding  variations  in  K  cannot  definitely  1>e  attributed  to  a  Reynolds  num¬ 
ber  effect  for  reasons  which  have  already  been  discussed.  Although  some  differences  exist  between  sets 
of  data  obtained  from  different  facilities  at  the  same  Mach  number  and  at  different  Reynolds  numbers,  no 
consistent  performance  trend  with  Reynolds  number  has  been  found,  A  change  of  more  than  5:1  in  Reynolds 
number  at  a  nominal  Mach  number  of  8  in  data  obtained  from  a  shock  tunnel  experiment  (16)  did  not  produce 
a  significant  effect  on  the  normalized  interaction  force.  In  this  case,  Xs/Lwas  always  very  small,  so 
that  the  distinction  between  L  and  L,g  was  unimportant.  Data  presented  by  Thayer  (10)  in  the  form  of  K 
versus  ReL  (0.  4  x  !0b<  ReL*  <  2.5  x  10°)  show  the  effect  of  Reynolds  number  to  be  very  small  with 
nitrogen  or  helium  as  injectanf,  but  data  obtained  with  hydrogen  as  injectar.t  show  an  1 1  percent  increase 
with  increasing  ReL8  within  the  some  range.  A  similar  set  of  data  obtained  at  M)  -  4  by  Werle,  et  al, 

(25)  in  which  the  frecstream  unit  Reynolds  number  was  changed  by  a  factur  of  3:1  did  not  show  a  significant 
effect  of  Reynolds  number. 


The  decrease  in  K  with  increasing  P0  /Pj  for  a  fixed  slot  width  and  a  fixed  external  flow  has 
often  been  interpreted  as  an  effect  of  pressureJratio,  but  the  independent  effect  of  pressure  ratio  can  only 
be  determined  with  confidence  from  experiments  in  which  effects  of  other  variables  can  be  evaluated,  i.e. , 
experiments  in  which  the  slot  width  is  changed.  A  plot  of  Fj/Tsy  versus  (P0-dc/Pi6])  is  shown  in  Fig¬ 
ure  19,  using  data  from  Reference  14.  The  quantity  c  is  the  discharge  coefficient  for  the  slot  and  6j  is 
the  boundary- layer  thickness  of  the  undisturbed  flow,  essentially  constant  in  this  case.  The  boundary- 
layer  thickness  was  chosen  for  purposes  of  normalization  because  it  is  a  characteristic  length  corre¬ 
sponding  to  the  external  flow.  The  usefulness  of  this  method  of  normalization  for  situations  in  which  o, 
varies  has  not  been  demonstrated  conclusively.  These  data  have  been  used  for  the  purpose  of  this 
comparison,  because  they  include  ?  lsrge  '‘ariation  ir,  slot  width  and  accurate  measurements  of  jet  mass 
flow  rate.  Jet  mass  flow  rate  measurements  independent  of  those  computed  from  the  slot  area  and  jet 
stagnation  conditions  arc  highly  desirable.  First,  the  slot  area  is  seldom  known  to  the  required  accuracy 
even  in  the  absence  o(  jet  flow  effects.  Second,  slot  geometries  and  Reynolds  numbers  are  usually  in  a 
range  such  that  the  discharge  coefficients  arc  significantly  different  from  unity  and  dependent  upon 
Reynolds  number.  Third,  slots  have  beer,  known  to  deform  enough  at  high  values  of  jet  stagnation  pressure 
to  cause  large  changes  in  nozzle  area  (39).  The  data  of  Figure  19  are  almost  completely  independent  of 
pressure  ratio  or  slot  width  for  3.  26  i  P„  / P j  s  254.  These  data  span  the  range  of  subsonic  to  highly 
underexpanded  jet  flow  at  the  nozzle  exit.  J  Data  reported  by  Werle,  et  al,  (25)  show  similar  results. 

These  experiments  were  conducted  in  turbulent  boundary  layer  flow  at  M  -  4  and  with  slot  widths  of  0.  005 
to  0.030  inch.  Jet  mass  flow  rate  was  determined  by  a  metering  system  built  to  ASME  specifications. 

The  upstream  interaction  force  was  shown  to  be  independent  of  slot  width  or  pressure  ratio  at  constant 
jet  mass  flow  rate. 

The  effect  ot  jet  exit  Mach  number.  Me,  is  probably  best  illustrated  by  result*  reported  by 
Stcrett,  et  al,  (40),  ir  which  experiment*  wen  conducted  at  Mg-  6  with  a  flat  plate  having  several 
interchangeable  jet  nozzles.  Interaction  forces  were  determined  by  integrating  static  pressure  distri¬ 
butions  along  the  X-axis.  Figure  20  presents  data  from  that  investigation.  No  end  plates  were  used,  but 
relative  performance  of  jets  with  various  exit  Mach  numbers  may  not  be  significantly  affected  by  the 
presence  or  absence  of  end  plates.  The  ordinate  of  Figure  20  is  the  interaction  force  plus  the  jet  thrust 
(per  unit  span)  converted  to  conventional  aerodynamic  coefficient  form,  with  the  plate  length  »ed  as  rhe 
reference  length.  The  solid  lines  are  calculated  iet  thrust,  normalized  «n  the  same  manner.  The  data 
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show  that  the  total  force,  interaction  plua  jet  thrust,  is  eosentlaliy  independent  of  jet  exit  Mach  number; 
an  increase  in  jet  thrust  produced  by  increasing  the  nozzle  expansion  ratio  is  almost  precisely  compen- 
•rtetl  by  a  reduction  in  interaction  foice.  Static  pressure  data  showed  that  this  reduction  In  interaction 
force  wai  associated  with  a  redaction  in  the  separation  distance,  rather  than  a  change  in  the  pressure 
levels. 

Some  of  *’e  most  direct  evidence  concerning  the  Imluenca  of  Vj  and  V.  on  the  jet  interaction 
flowfie id  cornea  from  the  inv/  ligation  by  Thaye.  (10).  The  freestream  specific  heat  ratio  was  changed 
from  I  4  to  !.  32  by  changing  T^,  Other  parameters  were  adjusted  to  duplicate  the  Reynolds  number 
and  pressure  ratio.  The  decrease  in  >  (  was  associate  with  a  Z  percent  increase  in  P2/P,  trtd  *n 
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unchanging  separation  distance.  A  change  in  injectant  specific  heat  ratio  from  l.<  to  1.  67,  corresponding 
to  a  change  in  injectant  gat  from  hydrogen  to  helium,  resulted  in  essentially  no  change  in  the  upstream 
static  pressure  distribution,  when  ail  other  similarity  parameters  were  held  constant. 

The  influence  of  the  state  of  the  boundary  layer  on  force  ampliiication  is  illustrated  in  Figure  21 
by  data  from  Reference  6,  taken  at  --  8.  These  results  show  that  all  of  the  laminar  ..tud  most  of  the 

transitional  test  conditions  exhibit  substantially  larger  amplification  factors  than  those  obtained  from 
experiments  in  turbulent  fiow.  The  results  of  experiments  by  Hawk  and  Amick  (37)  at  -  4  show  the  same 
trend  as  the  data  of  Figure  21,  References  6  ard  37  contain  the  on*y  data  pe’taimng  to  interaction  force* 
produced  in  the  region  upstream  of  a  jet  in  two-dimensional,  laminar  flow  known  to  the  authors. 
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Little  attention  has  been  given  to  the  contribution  to  the  inte:  action  force  of  the  region  downstream 
of  the  jet  in  two-dimensional  fiow.  Data  obtained  at  moderately  low  supersonic  Mach  numbers  (such  as 
that  presented  in  Figure  4)  show  that  the  contribution  of  the  downstream  region  is  in  the  direction  oppo¬ 
se  .e  to  the  thrust.  Data  reported  in  Reference  3  which  were  obtained  in  turbulent  flow  at  Mach  4.54 
showed  essentially  zero  net  interaction  force  contribution  from  the  downstream  region.  The  summaries 
of  downstream  static  pressure  data  presented  in  Figures  10,  II,  and  12  tend  to  imply  that  the  contribu¬ 
tion  to  the  total  interaction  force  increases  with  increasing  Mj.  Two-dimensional  turbulent  flow  data 
from  the  imestigation  of  Barnes,  et  al.  (6)  for  Mo  -  8  are  shown  in  Figure  22.  These  dat<»  show  rather 
large  positive  contributions  from  the  downstream  region,  which  decrease  relative  to  the  upstream  con¬ 
tribution  with  increasing  jet  mass  flow  rate.  Comparable  data  for  laminar  flow,  on  Lie  other  hand,  show 
a  relatively  small  negative  contribution  from  the  downstream  region  at  low  flow  rales,  changing  to  a 
small  poaitiv,  contribution  with  increasing  flow  rate.  Results  obtained  by  Kaufman  (33)  from  shock 
tunnel  experiments  in  laminar  fiow  at  high  Mach  numbers  (7.  2  <  Mj  <  lt>.  8)  and  low  Reynolds  numbers 
(4  5  x  10^  i  Rej,<  5  x  105)  showed  rather  large  amplification  factors  at  low  values  of  P0;/Pj.  The  larger 
portion  of  the  interaction  force  was  a'ways  associated  with  the  downstream  region.  Man^  of  the  pressure 
distributions  ahowed  significant  overpressures  at  the  pressure  tap  location  nearest  the  aft  end  of  the  plate, 
thus  raising  the  possibility  that  the  measured  interaction  force  would  have  been  larger  had  the  tests  been 
conducted  with  a  longer  plate,  or  that  the  interaction  m ay  have  been  influenced  by  the  sting  or  by  a  high 
pressuie  region  underneath  the  plate.  End  plates  were  used  during  a  few  of  these  experiments. 

Jet  gases  other  than  air  or  nitrogen  have  been  used  in  several  sets  of  experiments.  Data 
obtained  by  Barnes,  et  al,  (6)  allow  a  comparison  of  nitrogen,  argon,  and  helium  jets  with  M,,,  i  8  and  a 
laminar  boundary  layer.  The  variation  in  total  amplification  factor,  including  both  the  upstream  and 
downstream  regions,  was  within  the  data  scatter,  when  comparisons  were  made  between  data  obtained 
with  the  same  nozzle  at  the  same  value  of  Hc  /P  .  Data  with  helium  and  nitrogen  jets  in  turbulent  flow 
at  M[  -  2.61  and  3.  50  were  reported  by  Spaia  and  Zukoski  |3).  The  amplification  factors  for  the  upstream 
region  were  6  to  7  percent  higher  with  helium  as  injectant  than  with  nitrogen.  Pressure  levels  down¬ 
stream  were  higher  for  helium  jets  than  for  nitrogen  jets,  but  the  downstream  forces  were  not  determined. 
Strike  (32)  has  presented  data  obtained  in  laminar  flow  without  end  plates  at  M|  -  6.  8,  with  jets  of  nitro¬ 
gen,  helium,  argon,  and  carbon  dioxide.  Data  were  taken  by  direct  measurement  of  forces.  No  effect 
of  jet  gas  properties  upon  the  amplification  factor  was  found. 

Thayer  and  Corlett  (10,  16)  presented  results  of  experiment?  with  M j  2.  5  in  turbulent  fiow.  In 
these  experiments  both  freestream  and  jet  stagnation  temperatures  were  -'aried.  Nitrogen,  helium,  and 
hydregen  were  used  as  {he  jet  gas.  Amplification  (actors  were  determined  in  the  jpstream  region  by 
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Figure  22.  Contributions  of  Upstream  and  Downstream  Region  to  Interaction  Force  in  Hypersonic  Flow,  Data 
from  Reference  6 

integration  of  static  pressure  distributions.  These  data  have  been  correlated  by  the  parameter  (T0:/-*fj) 
!Tj/.  (( ±)  as  shown  in  Figure  23.  The  amplification  factor  increases  with  increasing  values  of  this  J 
parameter,  for  (T0j/uif j)/(T, /« U l)  5  7.  These  results  do  not  contradict  those  of  References  3,  6,  and  32, 
if  it  is  assumed  that  the  relevant  reference  temperature  for  the  exteri.  »1  flow  is  the  stagnation  temperature, 
rather  than  Ti,  Data  obtained  at  other  values  of  Mj  which  are  directly  comparable  to  those  of  Figure  23 
will  be  needed  in  order  to  evaluate  such  an  assumption.  Shadowgraph  photographs  were  obtained  for  some 
of  the  test  conditions,  which  indicated  that  the  shock  structure  in  the  jet  was  essentially  independent  of 
temperature  and  molecular  weight. 

2.4  Analyses  and  Correlation  Techniques 

Approaches  to  analysis  of  the  jet  interaction  flowfield  can  be  separated  into  two  categories.  One 
ca'-  -'gory  includes  those  which  are  intended  to  provide  direct  numerical  or  analytical  solutions  to  equations 
oi  .notion.  In  the  second  category  are  flowfield  models  w\ich  are  primarily  intended  to  provide  parameti  rs 
for  correlation  of  experimental  data.  The  latter  cattg  .y  ct.i  be  further  separated  into  analyses  which 
allow  mixing  between  the  jet  and  mainstream  aid  those  which  assume  that  a  slip  line  divides  the  two  flows. 

2.  4.  1  Applications  of  Numerical  Methods 

Because  of  the  complexity  of  the  jet  interaction  flowfield,  jolutions  of  the  equations  of  motion 
incorporating  realistic  assumptions  have  not  beer  obtained.  Most  theoretical  studies  have  used  either 
a  high  degree  of  empiricism  or  gross  simplifications,  or  both,  in  order  to  obtain  solutions.  Two 
attempts  to  achieve  solutions  to  equations  which  closely  approximate  the  governing  equations  are  known. 

Zakk&y  (41)  applied  the  method  of  numerical  solution  of  the  inviscid,  time-dependent  equations 
of  motion  to  the  problems  of  flow  over  a  forwa  d- facing  step  and  flow  of  an  underexpanded  jet  into  still 
air.  apparently  with  the  ultimate  objective  of  combining  the  two  flowfielde  into  a  jet  interaction  solution. 
Such  a  combination  would  involve  an  analogy  by  which  the  forward- facing  step  would  replace  the  blockage 
or  displacement  effect  which  the  jet  imposes  on  the  mainstream.  The  separation  point  was  specified 
a  priori  in  the  forward- facing  step  flowfield  computations.  Although  the  results  obtained  for  the  two 
separate  flowfields  were  promising,  computations  for  the  nvre  difficult  jet  interaction  case  have  not 
been  published. 

Lee  and  Barfield  (42)  have  carried  out  corr  outations  for  a  two-dimensional  inviscid  model  of  the 
flowfield,  in  which  a  bumt-body  calculation  Is  matched  to  a  mnthod-of- characteristics  calculation  for  a 
normal,  slightly  supersonic  jet.  The  method  of  characteristics  provides  the  shape  of  the  jet  boundary, 
which  is  modeled  as  a  solid  obstacle  in  the  Inviscid  external  flow.  Since  separation  is  excluded,  the 
model  Is  not  realistic,  but  it  ir  possible  that  trends  wit1*  variations  in  jet  flow  parameters  may  be  cor¬ 
rectly  predicted  by  such  a  model. 

Several  investigators,  including  Brcadwell  (43)  and  Dahm  (44),  have  used  blast  wave  theory  to 
represent  the  external  flow.  This  theory  is  inviscid,  and  is  limited  to  strong  bow  shocks  (large  Mj). 

The  solutions  are  functions  of  the  energy  addition  which  created  the  blast  wave  When  the  blast  wave 
analogy  ie  applied  to  hypersonic  flow  past  blunt-nosed  Bolid  bodies,  the  energy  addition  is  identified  with 


t 

i 

l 

( 

i 

! 

\ 

* 

\ 

t 

i 

V 

v 


Figure  23.  Dependence  of  the  Amplification  Factor  on  Molecular  Weight  and  Temperature,  Reference  10 

the  drag  of  the  body,  Such  solutions  are  not  valid  near  the  nose.  The  use  of  blast  wave  theory  in  a  jet  inter¬ 
action  analysis  requires  that  the  jet  be  represented  as  an  equivalent  energy  addition.  Discussions  of 
jet  interaction  theories  employing  blast  wave  theory  are  provided  by  Cassel,  et  al  (45).  Strike  (32)  has 
proposed  a  jet  interaction  analysis  employing  blast  wave  theory  in  which  an  estimate  of  the  effect  of 
boundary- layer  separation  is  added.  All  of  these  investigators  applied  blast  wave  theory  almost  exclu¬ 
sively  to  three-dimensional  flows.  It  is  probably  not  useful  as  a  representation  of  the  observed  two- 
dimensional  flowfield  illustrated  in  Figures  1  and  2  because:  (a)  it  is  inviscid;  (b)  it  fails  near  the  nose  of 
a  blunt  body,  so  that  it  cannot  give  a  good  representation  of  the  flow  upstream  of  the  jet  near  the  wall; 
and  (c)  the  analogy  between  the  jet  and  an  equivalent  energy  addition  is  not  a  good  representation  cf  the 
physical  phenomena  in  that  portion  of  the  actual  flow  which  is  dominated  by  the  jet,  i.  e. ,  the  flow  near 
the  wall  downstream  of  the  nozzle  exit,  since  explicit  description  of  the  jet  flow  is  not  included. 

Most  other  analyses  of  the  two-dimensional  flowfield  (3,  6,  25,  28,  31,  32,  45  to  51 )  are  based 
on  a  more  detailed  representation  of  the  physical  phenomena  including  the  separated  boundary  layer 
upstream  of  the  jet.  However,  most  of  these  models  ignore  mixing  between  the  two  streams  during 
the  jet  turning  process,  or  rely  upon  an  assumption  comparable  to  ignoring  mixing,  such  as  the  assump¬ 
tion  that  the  height  of  a  shock  in  the  jet  is  proportional  to  the  jet  penetration  height.  Since  mixing  is  not 
accounted  for  in  these  analyses,  it  is  possible  to  discuss  separately  the  models  which  are  assumed  to 
represent  the  external  flow  and  the  jet  flow. 

2.  4.  2  Analyses  of  the  External  Flow 

For  many  purposes,  the  flow  upstream  of  a  jet  can  be  regarded  as  being  identical  to  the  flow 
upstream  of  an  equivalent  forward- facing  step,  i.e,,  a  step  at  the  jet  nozzle  location  which  would  pro¬ 
duce  the  same  value  of  X8,  Data  from  many  investigations  indicate  that  this  analogy  can  be  used  to 
predict  details  of  the  flowfield  if  the  region  immediately  upstream  of  the  jet  or  step  is  excluded,  when¬ 
ever  sufficient  data  from  experiments  with  steps  are  available.  If  the  height  of  an  equivalent  step  can 
be  found,  correlations  such  as  those  given  in  Figures  8  and  9  can  be  used  to  represent  the  upstream 
static  pressure  distribution.  Additional  information  pertaining  to  step-induced  separation  can  be  found 
in  References  13,  23,  and  52. 

The  early  model  due  to  Vinson,  et  al,  (48)  assumed  iscntropic  compression  of  the  external  flow 
by  a  ramp  formed  by  the  separated  region.  This  approach  is  probably  quite  realistic  for  laminar  sepa¬ 
ration,  where  the  separation  angles  are  small,  but  it  is  known  to  be  significantly  in  error  for  the  more 
abrupt  separation  angles  characteristic  of  turbulent  flow.  Vinson  (48)  correlated  data  from  jet-induced 
and  step- induced  turbulent  boundary- layer  separation.  His  correlations  depend  upon  the  ratio  h/6[. 

The  predicted  dependence  of  various  flowfield  parameters  upon  h/6j  i3  particularly  strong  when 
h/6j  <  i,  Werlc  (12)  compared  predictions  of  Vinson's  model  w.th  daia  from  several  investigations  and 
found  that  the  predicted  effects  of  h / 6  j  tend  to  be  too  strong. 

Strike,  et  al,  (15)  proposed  a  model  for  the  external  flow  in  which  the  interaction  force  was 
computed  in  two  parte.  One  part  resulted  from  the  pressure  rise  computed  from  an  empirical  equation 
fo.  separation  plateau  pressure  and  the  other  resulted  from  the  pressure  rise  as  sociated  with  a  normal 
shock  in  the  external  flow.  The  size  of  each  region  was  assumed  to  be  proportional  to  the  calculated  icl 
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penetration  height.  The  pressure  level*  measured  on  a  wall  upstream  of  a  jet  in  either  two-  or  three- 
dimensional  flow  are  always  substantially  lower  than  those  which  are  predicted  by  the  normal  shock 
equations,  so  that  this  model  is  not  believed  to  be  realistic.  It  has  been  superseded  by  the  more  recent 
work  of  Strike  (32). 


Young  and  Barfield  (50)  have  presented  an  analysis  of  the  external  flow  in  which  Mager's  free, 
shock- separated  turbulent  boundary  layer  model  (53)  and  the  method  of  Reshotko  and  Tucker  were  used 
to  determine  property  changes  across  the  separation  region.  The  mixing  theory  of  Korst  (54)  was  then 
used  to  follow  the  development  of  the  shear  layer  up  to  the  region  in  the  immediate  vicinity  of  the  jet. 

An  important  aspect  of  the  external  flow  model  concerns  the  manner  in  which  the  external  flow 
is  matched  to  the  jet  flow,  since  this  matching  process  is  important  in  determining  the  influence  of  Mj  on 
the  analytical  predictions.  In  most  models  of  the  flow,  a  control  volume  representing  jet  flow  and  mixing 
region  is  employed. 

Spaid  and  Zukoski  (3)  analyzed  a  control  volume  in  the  region  immediately  upstream  of  the  jet, 
for  the  purpose  of  obtaining  an  estimate  of  Pp  which  is  an  average  value  of  pressure  at  the  upstream 
interface  between  the  jet  and  the  external  flow.  The  result  is 
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where  M2  is  the  Mach  number  at  the  edge  of  the  shear  layer  in  Region  2,  which  was  estimated  from  the 
empirical  expression  (23)  M2  -  3/4  Mj,  and  P2/P1  was  obtained  from  Equation  (1).  The  quantity  p  is 
proportional  to  the  momentum  of  the  recirculating  flow.  The  estimate  of  Pf/P2  given  by  Equation  (12) 
decreases  slowly  from  1.  19  to  1.07  as  Mj  increases  from  2  to  12  for  Yj  =  1.4.  Werle  (12)  has  shown 
that  this  estimate  is  in  reasonable  agreement  with  data  from  the  drag  of  forward- facing  steps. 

In  the  model  proposed  by  Barnes,  et  al,  (6)  for  turbulent  flow,  the  drag  coefficient  of  the 
effective  obstruction  presented  by  the  jet  to  the  external  flow,  C^,  was  assumed  to  be  of  the  form 
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where  P0(^  is  the  stagnation  pressure  of  the  dividing  streamline  of  the  shear  layer  upstream  of  the  jet. 
The  value  of  po{j2  was  cotnPute<I  from  the  jet-mixing  theory  of  Korst  (54),  as  extended  by  Tang,  et  al, 

(29).  It  depends  primarily  on  M^  and  on  the  properties  of  the  boundary  layer  upstream  of  separation. 
Parametric  calculations  from  this  analybis  show  that  the  predicted  trends  of  upstream  amplification 
factor  with  (Pc^d)/PjL)  actually  arise  from  the  influence  of  h/6j  on  P°d2-  Calculated  values  of  K  are 

independent  of  both  Re ^  and  PQ^/Pj,  but  decrease  slightly  with  (P0j  d)/(£,  L)  at  fixed  Re^.  These  cal¬ 
culations  are  therefore  in  agreement  with  observations  that  the  upstream  amplification  factor  is  inde¬ 
pendent  of  PQj/Pj  when  P0jd  and  L  are  constant,  and  that  it  decreases  slightly  with  increasing  P0j/pl 

when  d  and  L  are  constant. 

Many  other  investigators  have  either  assumed  that  the  average  pressure  acting  on  the  upstream 
boundary  of  the  jet  is  proportional  to  P2,  or  have  made  approximately  equivalent  assumptions.  In  most 
of  the  latter,  the  effecti.e  back  pressure  which  determines  the  jet  shock  location  is  related  to  P2.  This 
class  of  assumptions  gives  results  which  are  in  reasonable  agreement  with  experiment,  and  is  consistent 
with  the  flow  geometry  as  determined  from  Schlieren  or  shadowgraph  photographs. 

2.  4.  3  Analyses  of  the  Jet  Flow 


In  most  analytical  models  of  jet  interaction,  it  has  been  assumed  that  mixing  between  the  two 
streams  docs  not  play  an  important  role  during  the  jet  turning  process.  These  analyses  tend  to  group 
into  three  categories  in  terms  of  how  the  jet  flow  is  modeled: 

1.  Isentropic  expansion  models 

?..  Nonisentropic  models,  utilizing  a  control  volume  near  the  jet  nozzle  exit. 

3.  Jet-shock  models. 

The  simplest  version  of  Category  1  is  the  assumption  that  the  jet  expands  isentroplcally  from  Pc- 
to  Pj  and  is  attached  to  the  wall  downstream,  to  that  h/d  is  determined  by  the  governing  equation  for  one^ 
dimensional  isentropic  flow  with  area  change  (12,  38).  This  assumption  leads  to  the  predictions  that. 

(ai  h/d  is  independent  of  the  external  flow  dynamic  pressure  for  fixed  PQ  /Pj,  and,  (b)  that  the  influence 
of  Yj  ic  very  strong  at  large  P0)/Pj.  Both  of  th;se  predictions  are  at  odds  with  experimental  observation. 
A  mote  sophisticated  model  employing  the  isentropic  flow  assumption  has  been  proposed  by  Maurer  (3l). 
In  this  model,  the  pressure  to  which  the  flow  expands  is  determined  as  part  of  the  solution.  Maurer's 
analysis  is  aimed  primarily  at  the  flowficld  associated  with  a  jet  from  a  finite-span  slot.  Good  agreement 
is  shown  between  predictions  of  this  analysis  and  results  of  experiments  at  low  supersonic  Mach 
numbers  (31). 
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Analytes  of  the  second  category  do  not  uso  the  assumption  of  isentropic  jet  flow.  Instead, 
conservation  equations  are  applied  to  a  control  volume  in  the  vicinity  of  the  jet  nozzle  exit,  and  a  suffi¬ 
cient  number  of  additional  assumptions  are  made  to  enable  a  solution  to  be  obtained.  Since  the  nature 
of  these  assumptions  is  limited  only  by  the  imagination  of  the  investigator,  a  coneiderable  variety  may 
be  found  in  the  literature. 

The  third  category  of  jet  models  characterise  the  jet  by  its  shock  structure.  Shadowgraph  or 
Schlieren  photographs  obtained  from  experiments  with  underexpanded  sonic  jets  usually  show  a  shock 
structure  in  the  jet  which  is  similar  to  that  exhibited  by  an  underexpanded  jet  exhausting  into  a  quiescent 
medium.  One  of  these  shocks  has  been  observed  to  be  roughly  parallel  to  the  jet  nozzle  exit,  and  similar 
in  appearance  to  the  Mach  disk  of  an  axisymmetric  underexpanded  jet.  These  observations  have  prompted 
several  investigators  to  use  information  obtained  from  studies  of  jets  exhausting  into  still  air  in  (he 
development  of  models  for  the  jet  interaction  fiowfield  (17,  25,  28,  48).  In  these  models,  the  jet  is  char¬ 
acterized  by  the  position  and  strength  of  the  strong  shock  analogous  to  the  Mach  disk. 

Amick  (49)  has  proposed  a  novel  approach  involving  isentropic  expansion  in  which  a  circle- 
arc  jet  trajectory  is  computed  by  the  method  of  characteristics.  Amick'a  circle-arc  jet  analysis 
assumes  that  the  nozzle  is  constructed  to  produce  a  jet  having  a  radiua  of  curvature  at  the  nozzle  exit 
which  provides  it  dynamic  equilibrium  with  the  pressure  difference  imposed  upon  it  by  the  external  flow. 
Experiments  were  conducted  with  an  appropriately  deaigned  nozzle  to  test  the  validity  of  this  theory. 

These  experiments  were  two-dimensional  and  were  conducted  at  relatively  low  Reynolds  number, 

1CP  -  ReL  <  7.  5  x  10^  in  hypersonic  flow,  7.  6  <  Mj  <  7.9.  A  nozzle  designed  to  produce  a  supersonic 
circle-arc  jet  under  the  range  of  conditions  of  the  test  was  installed  near  the  trailing  edge  of  a  flat  plate 
model.  The  nozzle  was  inclined  45  degrees  upstream  of  the  normal  to  the  plate  surface.  Wedge  end 
plates  were  used,  with  the  angle  chosen  so  that  the  upper  surface  of  the  wedge  approximately  matched 
the  surface  of  the  shear  layer  when  the  jet  was  operating.  Tests  were  conducted  in  which  X8  <  L,  referred 
to  as  the  weak  jet  regime,  and  also  in  which  the  flow  was  separated  to  the  leading  edge  of  the  plate, 
described  as  the  strong  jet  regime.  Interaction  force  data  were  obtained  directly  from  force  measure¬ 
ments.  A  comparison  between  theory  and  experiment  is  shown  in  Figure  24.  The  quantity  X  is  the  angle 
of  intersection  between  the  shear  layer  and  the  jet,  which  is  uaed  in  computing  results  from  the  theory. 

It  is  treated  here  as  a  free  parameter.  Predictions  of  the  theory  are  seen  to  be  rather  insensitive  to 
variation  in  X,  at  least  in  the  strong  jet  regime.  The  amplification  factor  is  defined  as  the  total  normal 
force  increment  due  to  the  jet,  normalized  by  the  vacuum  thrust  of  a  sonic  jet  having  the  same  reservoir 
conditions  as  the  actual  jet.  (In  the  original  reference,  a  slightly  different  definition  of  amplification 
factor  was  used. )  Good  agreement  is  shown  between  theory  and  experiment.  Very  large  amplification 
factors  are  achieved  in  the  weak  jet  regime,  which  decrease  with  increasing  jet  thrust  when  the  flow  is 
separated  to  the  plate  leading  edge.  These  results  are  in  marked  contrast  to  those  obtained  in  turbulent 
flow  with  normal,  sonic  jets  shown  in  Figure  18. 

Vinson  (48)  performed  two-dimensional  calculations  for  a  jet  exhausting  into  a  low-pressure 
environment,  using  the  method  of  characteristics.  The  terminal  shock  was  assumed  to  occur  when  the 
pressure  downstream  of  a  normal  shock  at  the  jet  centerline  would  cause  the  downstream  pressure  to 
match  the  ambient  pressure.  The  computed  terminal  shock  locations  were  independent  of  Y<  when  pre¬ 
sented  in  the  coordinates,  hs/de  versus  P*/Pb»  where  de  and  Pe  are  evaluated  at  the  jet  exit,  and  P^  is 
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the  back  pressure  or  pressure  of  tie  surroundings.  Sterreit  and  Barber  (17)  (save  also  performed  calcu¬ 
lations  for  two -dimensional  cads  respr.rded  jets  by  the  method  of  characteristic;.  The;  included  care*  in 
which  the  pressures  were  not  the  same  on  both  sides  of  the  jet.  Both  sets  of  calculations  have  been  com¬ 
pared  with  experimental  data  for  two-dimensional  sonic  jets  by  Werie,  et  al  (39).  Results  of  both  sets  of 
calcalations  were  shown  to  bo  essentially  identical  and  predicted  values  of  h,/de  which  were  slightly 
larger  than  the  measured  values.  This  result  implies  that  an  additional  adjustment  in  the  static  pressure 
takes  place  downstream  of  the  normal  shock.  Data  for  two-dimensional  sonic  jets  and  axUymmetric  sonic 
and  supersonic  jetr  wore  correlated  by  the  empirical  equation 


whare  j  is  0  in  two-dimensional  flow  and  1  in  axi  symmetric  flow. 

Werie,  et  al,  used  Equation  (14)  as  part  of  a  tvo- dimensional  jet  interaction  analysis  (25).  It  was 
shown  that  this  equation  could  fee  used  to  predict  the  effective  forward  facing  step  height,  h,  produced  by  a 
jet  if  Pj  were  chosen  as  the  effective  back  pressure,  Ffc,  and  if  h  =  1.36  h8.  In  the  Investigation  by 
Werie,  et  al  (39),  this  method  of  estimating  effective  step  height  was  then  combined  with  the  correlation  of 
Equation  (1),  and  the  separation  angles  implied  by  that  relationship  to  give  a  simple  expression  for  upstream 
amplification  factor,  K. 


1.47  M 


K  =  1  + 


,  1  +  0.65  M, 


Y.M  ‘ 
1  c 
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1  e 


(15) 


Equation  (15)  predicts  a  trend  of  increasing  K  with  increasing  Me  which  is  not  in  agreement  with  experiment. 
This  comparison  is  deicribed  below  in  Section  2.4.4. 


Dnftmyer  (7)  conducted  flow- visualization  studies  of  two-dimensional  jets  exhausting  into  still 
air  for  Me  -1.0,  2.  89.  and  2.  99.  The  shock  heights  associated  with  the  sonic  jets  agreed  with  previous 
resuits.  Shock  patterns  obtained  with  the  supersonic  jets  were  qu&litat.vely  different  from  those  pro¬ 
duced  by  sonic  jets  as  illustrated  in  Figure  25.  Calculations  by  the  method  of  characteristics  were 
carried  out  for  supersonic  exit  Mach  numbers  and  the  results  showed  the  same  behavior.  The  value  of 
h3  was  defined  for  the  supersonic  jets  as  shown  in  Figure  25.  Data  and  calculations  for  axisymmetric 
and  two-dimensional,  sonic  and  supersonic  jets  were  shown  to  correlate  withi-i  ±20  percent  with  the 
expression 


If  Equation  (16)  is  used  in  place  of  Equation  (14)  to  derive  an  expression  for  upstieam  amplification  factor 
analogous  to  Equation  (15),  a  trend  of  decreasing  K  with  increasing  Me  is  predicted.  This  result  is  not 
in  agreement  with  the  experimental  results  shown  in  Figure  20. 


Direct  observations  by  Hefner  and  Sterrett  (55)  of  jet-shock  locations  for  Mj  =  6  show 
h8/d  (Po./Pi)0.  ,  implying  a  variation  in  effective  back  pressure  with  P0./Pj.  This  behavior  is 

consistent  ^witn  the  commonly  observed  trend  of  decreasing  amplification  facior  with  increasing  jet 
mass  flow  rate  mentioned  earlier.  It  is  possible  that  an  analysis  utilizing  a  jet-shock  model  for  the  jet 
flow  could  show  such  a  trend  if  it  were  coupled  with  a  relatively  sophisticated  model  of  the  external  flow, 
such  as  that  produced  by  Barnes,  et  al  (6). 
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Although  th*  jet  shock  models  are  about  as  successful  as  the  better  models  of  the  other  two 
categories  in  predicting  treads  exhibited  by  a  range  of  jet  interaction  data,  they  suffer  from  some 
deficiencies.  First,  they  are  limited  to  underexpended  jeto.  Second,  the  data  of  Reference  10  indicates 
that  the  observed  affects  of  temperature  and  molecular  weight,  shown  is  Figure  23,  do  not  correlate  with  jet 
shock  height  for  large  values  of  This  effect  will  be  discussed  in  the  following  section- 

None  of  the  proposed  theories  of  the  preceding  three  categories  give  an  explicit  dependence  of  h/d 
upon  temperature  or  molecular  weight.  Therefore,  they  are  unable  to  account  for  Thayer's  results  (10), 
which  show  as  explicit  dependence  upon  t.  Except  for  an  empirical  correlation  of  Kaufman  and  Koch  (28), 
which  gives  h/d  ~  (Poj/f^)®*®®  and  the  models  which  utilize  the  one- dimensional  isentropic  area- ratio 
relation,  all  of  the  theories  predict  h/d  ~  (P0:/Pi)°-  ^  (48),  at  least  when  ReLg  is  constant.  The  predicted 
Influence  of  Yj  is  generally  weak,  except  for  the  isentropic  flow  model. 

2.  4.  4  Influence  of  Mixing  Between  the  Two  Streams 

Some  major  elements  of  the  early  direct  analysis  methods  (43,  44)  which  employed  blast  wave 
analogies  are  useful  beyond  the  limitations  of  blast  wave  theory.  The  blast  wave  analogy  was  only 
employed  to  provide  numerical  solutions  for  the  effect  of  the  jet  on  the  mainstream.  The  central  aspects 
of  the  analyses  by  Broadwell  (43)  and  Bahm  (44)  involved  the  determination  of  the  volume  addition  to  the 
mainstream  (or  displacement  of  the  mainstream)  due  to  energy  release  from  the  jet.  These  analyses 
provided  methods  for  computing  a  characteristic  dimension  of  the  flowfield.  Equations  derived  to  calcu¬ 
late  this  dimension  provide  similarity  parameters  for  correlating  the  effects  of  variations  in  jet  and 
mainstream  properties  on  the  interaction  flowfield. 


Broadwell  computed  the  drag  of  an  equivalent  obstruction  by  assuming  that  the  injected  flow  is 
accelerated  to  the  velocity  of  the  undisturbed  external  flow.  He  also  assumed  that  the  effect  of  the 
volume  added  by  the  jet  can  be  accounted  for  by  adding  sufficient  heat  to  a  part  of  the  external  flow  to 
produce  the  same  volume  change  which  would  be  produced  by  the  mass  addition.  Dahm's  analysis  differs 
in  detail  from  that  of  Broadwell,  but  the  final  result  is  nearly  the  same.  If  h  is  the  height  of  the  equiva¬ 
lent  obstacle,  then  values  of  h  computed  by  either  method  are  proportional  to  the  jet  mass  flow  rate. 
Broadwell's  analysis  leads  to  equivalent  obstacle  height  scaling  in  the  form 
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jet  stagnation  temperature 
external  flow  stagnation  temperature 
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and  the  corresponding  expression  from  Dahm's  analysis  is 
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In  each  case,  the  factor  1/ 1  arises  from  the  assumption  that  the  jet  flow  is  accelerated  to  the 
external  flow  velocity,  and  the  term  in  brackets  comes  from  the  influence  of  volume  or  mass  addition  oy 
the  jet.  In  Figure  26,  predictions  from  Equations  (17)  and  (18)  are  compared  with  the  data  reported  by 
Thayer  and  Corlett  (36)  and  by  Strike  (32). 


In  Figure  26,  values  of  h/h  .  were  computed  from  the  experimental  data  using  the  assumption 
that  the  interaction  force  produced  by”  the  iet  is  proportional  to  h,  for  a  fixed  external  flow.  Some  scatter 
wae  -'resent  ir.  the  data,  which  is  not  indicated  on  the  figure.  The  data  of  Strike  were  taken  at  Mi  -  6.  8 
with  a  flat  plate  mcdel  having  a  finite  span  transverse  slot.  The  boundary  layer  upstream  of  the  Inter¬ 
action  region  was  laminar,  and  variations  iri  1  were  obtained  by  using  different  injectant  gases,  thus 
changing  only.  Interaction  forces  were  obtained  from  force  measurements.  The  data  of  Thayer  and 
Corlett  are  In  qualitative  agreement  with  the  theories,  although  the  experimental  magnitude  of  variation 
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in  h/h,-i  is  much  smaller  than  the  theoretical  prediction.  On  the  other  hand,  the  data  of  Strike  at 
Mi  =  6.  8  are  independent  of  r,  in  contrast  to  substantial  variation  predicted  by  the  theories  at  this  Mach 
number.  Most  analyses  predict  no  explicit  influence  of  r  on  jet  interaction  performance  for  all  values  of 
Mi,  and  are  thus  in  good  agreement  with  Strike's  data  (32)  concerning  the  influence  of  stagnation  temper- 
aturc  and  molecular  weight.  On  the  of’.ier  hand,  the  flowfield  models  proposed  by  Broadwell  and  Dahm 
are  the  only  ones  which  show  the  qualitative  behavior  of  the  data  of  Thayer  and  Corlett  which  cover  a  wide 
range  of  t  than  is  included  in  any  ucher  set  of  data.  It  is  possible  that  some  combination  of  the  assump¬ 
tions  used  by  Broadwell  or  Dahm  with  flowfield  models  proposed  by  others  would  predict  the  observed 
dependence  of  jet  interaction  performance  on  Mj  and  t. 

In  summary,  a  fairly  wide  range  of  jet  flow  turning  models  gives  essentially  the  same  predic¬ 
tions,  within  a  constant  factor,  of  the  influences  of  temperature,  molecular  weight,  and  pressure  ratio 
on  the  jet  interaction  flowfield.  The  discussion  presented  in  Reference  56  illustrates  this  point  in  more 
detail  (see  Figure  3  of  that  paper).  Reference  56  is  concerned  with  jets  from  circular  holes.  The  jet 
turning  models  examined  in  that  paper  are  based  upon  one-dimensional  gasdynamics,  so  that  the  results 
can  be  applied  to  two-dimensional  flow  after  relatively  minor  and  obvious  modifications. 

2.4.  5  Influence  of  Mach  Number  on  Amplification  Factor 

The  predicted  and  measured  influence  of  Mj  on  jet  interaction  performance  in  two-dimensional 
flow  is  summarized  in  Figure  27.  The  ordinate  is  the  amplification  factor,  K,  defined  here  as  the  jet 
thrust  plus  the  interaction  force  generated  upstream  of  the  jet,  normalized  by  the  vacuum  thrust  of  a 
sonic  jet,  Figure  27  is  restricted  to  turbulent  boundary  layers  upstream  of  the  interaction,  and  normal, 
sonic  jets  with  Yj  =  1.4.  Not  all  of  the  theories  predict  a  single  curve  in  these  coordinates.  Computations 
were  made  using  values  of  other  variables  such  as  P0.^l Pj,  (P0.d)/(PjL),  h/d,  and  Re0  which  are  repre¬ 
sentative  of  the  available  experimental  data.  The  trends  with  M[  predicted  by  the  theories  are,  for  the 
most  part,  not  sensitive  to  variations  irt  these  other  variables.  One  exception  is  the  analysis  of  Lee  and 
Barfield  (42)  v/hich  is  sensitive  to  the  quantity 


M, 


when  this  term  is  less  than  approximately  0.  06.  A  limited  Mach  number  range  is  shown  in  Figure  27  for 
some  of  the  analyses.  This  is  a  result  of  limited  information  available  in  the  original  references,  or 
statements  by  the  respective  authors  concerning  the  applicable  Mach  number  range. 


The  data  on  amplification  factor  appear  to  indicate  a  trend  of  decreasing  K  with  increasing  Mi. 
This  is  at  least  partially  misleading,  since  more  deta"„d  comp? rise.  -  tend  to  show  significant  shifts  in 
K  between  data  obtained  from  different  test  setups  and  facilities  at  the  same  Mach  number.  It  is  not  possi¬ 
ble  to  identify  a  "best"  analysis,  puroly  oi.  the  basis  of  this  type  of  comparison.  A  rather  wide  re.ngc  of 
Mach  number  trends  are  shown  by  tho  analysis,  in  cont> ast  to  the  greater  degree  of  unanimity  concerning 
the  Influence  of  jet  fluid  properties.  The  differences  in  Mach  number  predictions  »ri«e  from  the  de'ails  of 
the  differences  between  the  theories.  A  very  lengthy  discussion  would  b<?  i»ci> saary  to  explain  these 
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variations  satisfactorily.  More  detailed  evaluations  of  some  of  the  analyses  represented  on  Figure  27 
may  be  found  in  tis  review  by  Werle  (12).  Those  theories  which  predict  the  most  strongly  increasing  or 
decreasing  trend  of  K  and  Mi  are  not  in  good  agreement  with  the  data.  In  contrast,  because  of  the  strongly 
empirical  nature  of  most  of  the  theories,  little  importance  should  be  attached  to  the  differences  in  pre¬ 
dictions  of  absolute  levels. 


3  JETS  FROM  FINITE-SPAN  SLOTS  IN  SUPERSONIC  FLOW 

Numerous  data  obtained  from  transverse-slot  experiments  conducted  with  and  without  end 
plates  tend  to  indicate  that  the  use  of  end  plates  is  a  necessary  requirement  for  obtaining  even  a 
fair  approximation  to  two-dimensional  flow  when  the  separation  distance  ahead  of  the  clot  is  more 
than  10  or  20  percent  of  the  slot  length.  Although  end  plates  will  introduce  spurious  effects  them¬ 
selves,  the  work  of  Lewis,  Kubota,  and  Lees  (57)  shows  that  end  plates  can  be  used  to  achieve  an 
excellent  approximation  to  a  two-dimensional  flow,  for  the  case  of  laminar  separation  induced  by 
a  wedge. 

Sketches  of  static  pressure  distributions  obtained  in  nearly  two-dimensional  flow  and  with 
a  f  nite-span  slot  are  presented  in  Figure  28.  When  end  plates  are  removed,  the  length  of  the  sep¬ 
arated  region  decreases,  and  the  interaction  region  extends  outboard  from  end#  of  the  slot.  If  the 
height  of  the  effective  obstruction  produced  by  the  jet  is  sufficiently  small  relative  to  the  slot  span, 
b,  the  plateau  pressure  measured  along  the  X-axis  will  remain  almost  unchanged  and  the  static 
pressure  distribution  upstream  of  the  slot  will  be  nearly  independent  of  y  for  y<b/2.  Strong  lateral 
flows  m  the  upstream  separated  region  were  indicated  by  the  oil  flow  visualisation  studies  of  Heyser 
and  Maursr  (18),  when  end  platea  were  not  used,  Such  indications  of  lateral  flow  were  negligible 
when  end  plates  were  installed.  Similar  evidence  of  transverse  outflow  from  the  separated  region 
has  been  reported  by  Whitehead,  et  al,  (59)  who  studied  separated  regions  produced  by  forward¬ 
facing  steps  ot  Smite  span. 

The  influence  of  lateral  flows,  which  apparently  always  develop  in  experiments  with  finite- 
span  transverse  jets,  is  not  understood  in  detail.  However,  the  following  qualitative  explanation  has 
been  proposed  by  Spaid  arid  Zukoski  (3'  In  a  true  two-dimensional  flow  over  a  step,  trie  dividing 
streamline  separating  ihe  primary  How  f-om  the  ret  ire  ul« ting  flow  is  roughly  a  straight  line  extend¬ 
ing  from  the  separation  point  to  the  top  of  the  step,  >«  shown  in  the  sketch  of  Figure  29.  However, 

!•"  fluid  m rapes  from  the  recirculation  region  in  the  transverse  direction,  then  the  nor  reattaching 
etrsanrihne,  whi<  h  di'ides  the  How  p»s*;nj<  over  the  utepfrom  that  entering  the  rccUruotia;  /one, 
■r>u,tt  now  trtr  I  »<lc  a  part  yi  the  tennida »  V  lay->  f  !<•••/  nr  »h-  .»  p;  r  - ifioure  Z‘/V‘. 
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Figure  29.  Effed  of  End  Pieter  on  Flnerc  over  Forvrenf-Fteing  Stefa  end  Gs»our  Jett 


The  reattachment  pressure  will  increase  as  the  reattaching  streamline  moves  farther  out  into  the 
high- velocity  region  of  the  shear  layer.  This  effect  ic  shown  by  the  data  c>f  Whitehead,  et  al  (*»9) . 

If  the.  separation  distance  is  not  too  great  relative  to  plot  span  b,  the  turning  angle  made  by  the  flow 
at  separation  remains  constant  despite  the  lateral  flow.  Thus,  as  the  normal  coordinate  of  the 
reatta<hing  streamline  moves  away  from  the  wail  (near  separation)  in  response  to  an  increasing 
lateral  flow,  the.  separation  pc'  .t  must  move  toward  the  step  so  that  the.  reattaching  streamttno  esn 
intersect  the  top  of  the  rt-'p. 


SB 


If  this  picture  ie  correct,  and  if  it  is  applicable  to  the  jet  interaction  problem,  a  lateral 
flow  should  cause  a  redaction  in  the  induced  force  produced  in  the  region  directly  upstream  of  the 
jet  by  a  given  jet  flow  per  unit  span.  This  reduction  will  be  caused  by  two  mechanisms.  Since  the 
turning  angle  of  the  flow  is  evnetant,  the  plateau  pressure  will  also  be  constant  and  the  cnly  cause 
for  a  force  reduction  is  the  reduced  length  of  the  separated  region.  First,  for  die  jet  interaction 
case,  the  length  of  this  separated  region  is  reduced  directly  by  tho  lateral  flow  for  the  same 
reason  that  it  was  In  the  case  of  a  step.  Second,  the  increase  in  the  drag  of  the  effective  obstruc¬ 
tion  produced  by  the  jet.  This  Increase  in  drag  causes  a  reduction  in  the  height  of  the  obstacle, 
producing  a  further  reduction  in  the  length  of  the  separated  rone  (Figure  29b).  Data  reported  in 
Reference  59,  for  flow  over  steps  both  with  and  without  end  plates,  and  similar  jet  interaction  data 
(55)  tend  to  indicate  that  the  reduction  in  jet  penetration  may  be  the  dominant  mechanism  in  hyper¬ 
sonic  flow.  In  summary,  a  lateral  flow  from  the  separated  region  can  cause  an  appreciable 
reduction  in  the  separation  distance,  even  though  the  plateau  pressure  remains  unchanged  irom 
the  two-dimensional  case.  At  the  same  time,  other  axial  static  pressure  distributions  measured 
at  locations  off  the  axial  centerline,  but  outside  of  the  immediate  ends  of  the  slot,  agree  quite 
well  with  the  centerline  pressure  distribution. 

Maurer  (31)  has  proposed  an  analysis  of  the  flowfield  associated  with  jets  from  finite- 
span  slot*  in  which  lateral  flow  from  the  separated  region  is  taken  into  account  explicitly.  Good 
agreement  is  shown  between  results  from  Maurer’*  theory  and  his  experimental  data  obtained  at 
1.  57  £  Mj  S  2.  80.  Tne  data  consisted  of  farces  obtained  by  integrating  pressures  upstream 
along  the  X-axis.  Strike  (32)  proposed  a  modification  of  Maurer's  analysis  concerning  the  manner 
of  computing  the  stagnation  pressure  of  the  air  which  flows  parallel  to  the  slot  within  the  separated 
region.  This  modification  resulted  in  slightly  poorer  agreement  between  the  theory  and  Maurer's 
data,  but  substantially  improved  the  agreement  between  the  theory  and  data  reported  by  Strike 
for  5.2  5M[  £  6,8,  which  were  obtained  by  direct  measurement  of  forces. 

Spaid  and  Zukoski  (3)  have  proposed  h/b  as  a  correlation  parameter  for  flows  produced  by 
normal,  some,  finite-span  slots.  In  their  model,  h  is  a  value  of  jet  penetration  height,  computed 
from  a  two-dimensional,  semiempirical  analysis  given  by 

m.a  * 

h  =  - - — - =-  (19) 

[(1+  p)(P2-Pj)+(P  -0.  2)Pj] 

where 


rm  =  jet  mass  flow  rate  per  unit 


aj*  =  jet  velocity  where  M^  -  1 

In  Equation  (19),  p  and  P^/P.  are  obtained  from  Equations  (12)  and  (1),  respectively. 

Data  from  several  sources  are  presented  in  Figure  30  in  the  form  of  versus  h/b.  The  quantity 
K3  is  an  amplification  factor  derived  from  the  integral  of  the  static  pressure  distribution  per  unit  span 
along  the  upstream  X-axis,  Except  at  the  low  .vr.lues  of  h/b  where  the  data  of  Maurer  do  not  correlate 
well,  the  data  show  a  consistent  variation  of  K3  with  h/b.  Of  particular  interest  are  the  data  of 
Romeo,  since  b,  d,  and  Poj/Pl  are  varied  independently.  The  dotted  line  in  Figure  30  is  the  mean 
value  of  Romeo's  data  (58)  (<i  -0.1,0.  05,  and  0.02  <nch)  fo».  an  amplification  factor  K3  based  upon  the 
total  interaction  force  for  the  entire  region  upstream  of  the  slot.  These  data  are  also  correlated 
(±10  percent)  by  h/b.  The  difference  between  K3  and  K3  shows  a  poor  measure  cf  tho  Interaction  force 
from  centerline  pressure  integration  when  a  plate  large  enough  to  contain  the  entire  separated  region 
is  considered. 


Static  pressure  data  obtained  from  experiments  with  jets  from  circular  holes,  to  be  pre¬ 
sented  in  the  next  section,  show  a  large  contribution  to  ineraction  force  coming  from  the  region 
downstream  of  the  jet.  The  shock  which  originates  near  the  jet  nozzle  exit  has  a  shape  that  is  simi¬ 
lar  to  that  produced  by  a  blunt  body.  This  shock  intersects  the  plate  and  produces  regions  of 
increased  pressure  on  either  side  of  the  jet  which  extend  downstream  for  a  considerable  distance. 
This  mechanism  produces  regions  of  increased  pressure  downstream  and  to  the  sides  of  a  jet  from 
a  finite-span  slot.  At  low  Mach  numbers,  the  large  low-pressure  region  immediately  downstream 
of  the  slot  may  cancel  the  effect  of  the  downstream  high-pressure  regions.  At  hypersonic  Mach 
numbers,  the  net  force  generated  downstream  of  a  finite- span  slot  should  always  act  in  the  direction 
of  the  jet  thrust.  Unpublished  data  obtained  from  the  investigation  of  Reference  6  at  Mj  7.  8  show 
that  tins  is  indeed  true.  Amplification  factors  greater  than  4  were  produced  on  *  large  plate  by  a 
finite-span  normal,  sonic  slot  with  a  turbulent  boundary  layer  upstream  of  the  interaction. 

Data  obtained  from  various  nozzles  exhausting  from  a  flat  plate  into  a  Mach  7.  8  external 
(low  with  a  laminar  upstream  boundary  layer  are  shown  in  Figure  31  (6).  In  this  case,  most  of  the 
force  was  obtained  from  the  region  upstream  of  the  jet.  These  data  show  a  relatively  small  influence 
of  nozzle  configuration  on  amplification,  when  the  entire  interaction  force  is  measured,  both 
upstream  and  downstream  of  the  nozzie.  This  lack  of  influence  0/  nozzle  configuration  on  the  inter¬ 
action  force  is  particularly  interesting,  since  the  nozzle  configuration  exerts  a  profound  influence  on 
the  static  pressure  distribution. 

4  JETS  FROM  CIRCULAR  NOZZLES  IN  SUPERSONIC  FLOW 


4.  1  Pest  ription  of  the  Flowfield 

The  interaction  between  an  rxisymmett  ir  under?  vpanded  jet  and  liow  over  a  surface  from 
■*.bich  the  1?*  exhausts  is  illustrated  in  Figure  1*.  The  ghod>  wgraph  photograph  and  photograph  of 
an  (  l'flow  «xpi-,  mien*  arc-  lroni  d?ts  reported  by  Streel  (b0!  Thr  jet  exhaust*  1" ronr,  a  som<  orifice 
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located  on  the  afterbody  of  an  ogive-cylinder  at  zero  angle  of  attack.  The  boundary  layer  approaching 
the  jet  jo  turbulent.  Various  interpretations  of  this  flow  have  been  offered  (45,  61  to  63). 

As  shown  in  Figure  32a,  the  jet  plume  presents  an  obstacle  to  the  external  flow,  which 
causes  a  strong  shock  and  separates  the  boundary  layer  upstream  of  the  jet.  In  contrast  to  the  two- 
dimensional  situation  in  which  the  entire  external  flow  must  go  over  the  jet-induced  obstruction,  the 
flow  can  go  around  the  three-dimensional  jet.  The  extent  of  boundary-layer  separation  for  a  given 
jet  penetration  height  is  usually  much  less  for  a  jet  from  a  circular  hole  than  for  a  two-dimensional 
flow.  As  a  result  of  high  pressures  downstream  of  the  shock  and  mixing  between  the  two  streams, 
the  jet  is  turned  m  the  direction  of  the  external  flow.  A  three-dimensional  shock  structure  forms 
in  the  jet  plume  as  it  is  turned,  bounded  by  a  three-dimensional  mixing  layer.  Strong  mixing  is 
evident  on  the  leading  edge  of  the  jet  plume.  The  mixing  layer  surrounds  the  plume  and  reattaches 
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Figure  32.  Flow  Vi«u«ilt*tton  Ott*,  JtU  from  Circular  Nozzlrt,  Rcfertncs  60 

to  the  body  downstream  (approximately  one  body  diameter  downstream  of  the  jet  exit  in  Figure  32). 
in  the  region  where  the  mixing  layer  surrounding  the  jet  reattaches  to  the  body,  a  set  of  vortices 
forms  in  the  jet  wake.  The  patterns  in  the  oilflow  on  the  sides  of  the  jet  wake,  shown  in  Figure  32b, 
are  believed  to  be  related  to  these  vortices.  A  wide  range  of  flow  visualization  data  for  jet-induced 
interference  on  bodies  of  revolution  is  provided  by  Street  (60). 

The  shock  structure  in  the  jet  near  the  nozzle  exit  has  received  attention  from  a  group  of 
investigatoro  whose  objective  has  been  to  define  the  jet  trajectory.  One  feature  of  interest  is  the 
strong  shock,  often  referred  to  as  the  Riemann  wave  or  Mach  disk  in  studies  of  highly  underexpanded 
axisymmetric  jets  exhausting  into  still  air.  Under  these  conditions,  the  Mac.h  disk  is  dish-shaped 
and  parallel  to  the  exit  plane  (64).  When  the  jet  plume  is  transverse  to  a  supersonic  external  flow, 
there  is  evidence  that  the  jet  is  partially  turned  before  the  Riemann  wave  is  encountered.  Sketches 
of  this  shock  structure  derived  from  Schlieren  photographs  of  underexpanded  jets  exhausting  into  still 
air  and  a  supersonic  external  flow  arc  shown  in  Figure  33.  Measurements  of  jet  shock  locations  art- 
reported  by  Orth  and  Funk  (65),  Schets,  et  al  (66,  67),  and  Billig,  et  al  (56).  Uaing  the  description  of 
Reference  56,  the  Mach  disk  In  Figure  32a  Is  found  akewed  approximately  45  degrees  from  the 
horizontal  and  centered  approximately  one  model  radius  aft  of  and  above  the  jet  exit. 

4.  2  Results  of  Circular  Jet  Experiments 

Some  of  the  parameters  used  in  presenting  data  in  this  oection  are  based  on  the  assumption 
that  the  jet  can  be  characterized  by  specifying  its  momentum  flux  vector  at  the  jet  nozzle  exit  and  the 
jet  exit  Mach  number.  This  assumption  leads  to  various  possible  choices  for  parameters  in  idition 
to  those  needed  for  simulating  flow  about  the  body  alone,  such  as 


I  X 

- i -  or  - ,  y  ,  M  ,  <p 

Vb  <hAb 

where  \  is  the  jet  nozzle  throat  area,  p  is  the  nozzle  inclination  angle,  and  A,  is  an  appropriate 
vehicle  or  modest  reference  area.  The  length  scale  of  the  interaction  flowfield  will  be  proportional 

to  <PojW  •  Thi*  simplified  characterization  of  the  jet  is  inadequate  when  the  region  far  down¬ 
stream  of  the  jet  nozzle  exit  is  important  (68). 

4.  2.  1  Concentration,  Pitot  P-essure,  and  Velocity  Surveys 


Several  sources  of  data  concerning  the  distribution  of  pressure,  velocity,  and  mjectont  jet 
fluid  concentration  are  available  (61  ic  63,  65).  Typical  jet  fluid  concentration  profiles  are  shown 
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in  Figure  34  (62).  The  scale  ts  normalized  by  a  calculated  value  of  penetration  height,  h,  derive^ 
(rotji  a  simple  momentum  balance  (64)  as 
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These  data  indicate  that  within  a  distance  of  twice  the  penetration  height  downstream  of  the  jet  exit, 
the  line  of  maximum  jet  fluid  concentration  is  turned  nearly  parallel  to  the  plate. 
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Velocity,  Mach  number,  aid  total  pressure  profiles  in  the  jet  are  shown  in  Figure  35  (62). 
The  data  of  Figure  35  correspond  to  three  values  of  the  lateral  distance  of  the  profile  from  the  jet 
trajectory  meridian  piano,  y  (norm  Used  by  h).  These  data  indicate  that  total  pressure  and  velocity 
deficits  in  the  jet  wake  follow  the  con  :entratlon  of  jet  fluid.  The  Urge  total  pressure  deficit  near  the 
line  >(  maximum  jet  fluid  concentration  indicates  the  presence  of  strong  shocks  in  the  jet  turning 
process. 
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Fijurt  35.  Velocity.  Mech  Numb*;,  aid  Tout  Preuure  Profilei  Do>  istrum  of  Jet  Exit.  Refer  ric*  62 


In  Figure  36,  cross  sections  of  jet  concentration  contours  are  shown  at  locations  which 
are  2.  08  and  12.  3  times  the  penetration  height  downstream  of  a  point  where  the  extrapolated  bow 
shock  would  intersect  the  plate,  which  is  slightly  forward  of  the  jet  exit  (62).  The  kidney  shape 
of  the  concentration  contours  is  similar  to  that  of  a  subsonic  jet  exhausting  transverse  to  a  sub¬ 
sonic  mainstream.  This  shape  is  evidence  of  the  pretence  of  vortices  that  transport  mainstream 
fluid  into  the  jet  ar.d  accelerate  the  mixing  process. 

One  of  the  most  extensive  investigations  of  the  concentration  field  downstream  of  a  jet  has 
been  conducted  by  Torrence  (69,  70).  Cases  were  injected  from  a  circular,  sonic  orifice  0.  123  centi¬ 
meters  in  diameter  located  24  centimeters  downstream  of  the  leading  edge  of  a  23  by  75  centimeter 
flat  plate.  Local  external-flow  properties  were  Mj  -  4.  03  and  Re  =  7.  87  x  10?  per  meter.  Injcctant 
gases  included  helium,  hydrogen,  argon,  helium-air,  argon-air,  and  ethylene-air  mixtures.  The 
ethylene-air  mixtures  were  3  percent  by  volume  ethylene,  which  acted  as  a  tracer.  Tests  were  con¬ 
ducted  at  a  jet-to-frec8treani  dynamic  pressure  ratio  of  1.0,  except  for  some  of  the  air-injection 
tests.  Freestream  and  injectant  stagnation  temperature  were  maintained  at  approximately  300  *K. 
Concentration  profiles  similar  to  those  of  Figure  34  were  obtained  at  several  downstream  stations  for 
each  test  condition.  An  example  of  data  obtained  by  Torrence  is  shown  in  Figure  37.  These  data 
show  the  axial  decay  of  the  maximum  value  of  injectant  mass  fraction  measured  at  each  downstream 
station  for  a  range  of  injectant  conditions.  Extrapolation  of  straight  lines  faired  through  the  data  to 
Kmax  *1.0  defines  a  reference  length,  Xa,  for  each  test  condition,  which  can  be  interpreted  as  the 
location  of  the  end  of  the  inviacid  core  of  an  equivalent  coaxial  jet.  Values  of  Xa  determined  in  this 
manner  are  seen  to  lie  upstream  of  the  nearest  survey  station,  X/d  *>  6.  These  data  are  shown  to  lie 
on  a  single  line  when  plotted  in  the  form  K,j,ax  versus  X/Xa. 

Orth  and  Funk  (65)  have  presented  concentration  profiles  obtained  downstream  of  hydrogen 
jets.  The  external  flow  Mach  number  was  2.  72  and  the  jet  exit  Mach  numbers  varied  from  1.0  to 
1.  67.  Measurements  were  confined  to  the  X-Z  plane.  Comparisons  were  made  with  jet  trajectories 
predicted  by  the  analysis  of  Schetr.  and  Billing  (71).  Reasonable  agreement  was  shown  between  the 
data  and  trends  predicted  by  the  analysis. 

Provipelli,  et  al  (72)  used  concentration  measurements  to  define  the  cuter  jet  boundaries  in 
the  meiidian  plane  of  normal,  circular  helium  jets  injected  into  a  Mach  2  airstream.  Jet  exit  Mach 
numbers  of  i  to  4  were  tested.  The  jet  boundary  was  defined  as  the  location  of  1  percent  helium  con¬ 
centration.  Jet  boundary  data  (75,  72)  have  been  correlated  by  Povinelli,  et  al  (72),  by  the  empirical 
expression 
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Figure  36.  Injectant  Concentration  Contour!  in  Crois -Section-1  Plana  Downsuaam  of  Jet  Exit, 
Reference  62 
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where  y.  is  the  jet  boundary  loordinate  measured  .rom  the  plane  of  the  nozzle  exit.  The  influence 
of  Me  is  obscured  sotnewha"  by  this  method  of  presentation.  When  Me  is  increased  from  1  to  4,  with 
fixed  external  flow  conditions  and  fixed  jet  mass  flow  rate,  the  penetration  is  increased  by  approxi¬ 
mately  25  percent. 
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Herech,  et  al  (73)  have  shown  that  helium  jet  boundary  data  can  be  obtained  by  densitometer 
analysis  o f  Schlieren  photographs,  if  the  method  is  calibrated  by  comparison  with  concentration 
measurements. 

The  magnitudes  of  lateral  velocity  components  in  the  jet  vortices  have  been  reported  by 
Dehike  (74).  An  example  of  measurements  made  by  Dahlke  is  shown  in  Figure  38.  The  velocities 
were  measured  with  a  calibrated  multiorifice  pressure  probe  in  the  cross  section  plane  8. 63  body 
diameters  downstream  of  a  sonic  jet  exhs*  Hng  normal  to  the  surface  of  an  ogive  cylinder  at  aero 
angle  of  attack.  The  jet  exit  is  three  ca' .  srs  from  the  origin  of  a  four  caliber  ogive  nose.  Some 
correlations  of  these  data  have  been  used  by  Durando  to  model  the  variation  of  strength  and  position 
of  these  vortices  (75,  76,  77). 


4.  2.  2  Interference  Pressures  and  Forces 

In  predicting  aerodynamic  forces  induces  by  the  jet  plume,  the  principal  subject  of  analysis 
is  usually  the  pressure  distribution  near  the  jet  in  the  plane  of  the  jet  exit  (or  a  contour  including  the 
jet  exit).  As  illustrated  in  Figure  32,  the  primary  interference  shock  structure  and  flow  disturbance 
occur  in  this  region.  When  jet  thrust  is  high  compared  with  the  interference  forces  induced  in  this 
region,  forces  induced  by  downstream  interference  become  more  important.  In  the  latter  case,  the 
jet  wake  can  affect  downstream  surfaces  that  have  either  large  lift  efficiency,  large  moment  arms,  or 
out-of-plane  moment  capability. 

A  typical  representation  of  the  disturbance-induced  pressure  distribution  near  the  jet  is  shoivn 
in  Figure  39  (62).  This  figure  shows  constant-pressure  contours  in  the  vicinity  of  a  circular  sonic  jet 
exhausting  from  a  flat  plate  into  a  Macl  .  5  external  flow.  The  jet  <«  no’-.nal  to  the  plate  surface,  and 
the  boundary  layer  on  the  plate  is  turbulent  upstream  of  separation  induced  by  the  jet  plume.  The 
length  scale  is  normalized  by  the  penetration  height,  h,  given  in  Equation  (20).  The  parameter  P/P® 
on  the  contours  is  the  ratio  of  the  pressure  induced  by  the  jet  to  the  pressure  on  the  plate  with  the  jet 
off.  The  interference  causes  increases  in  pressure  both  upstream  ar.d  downstream  of  the  jet  except 
in  the  region  directly  behind  the  jet  nozzle  exit,  where  the  pressures  are  decreased.  The  pressure 
contour  map  of  Figure  40  is  similar  to  that  of  the  previous  figure,  except  that  in  this  case  the  boundary 
layer  is  laminar  upstream  of  the  interaction  region.  The  general  features  of  the  distributions  are 
qualitatively  similar,  except  that  in  lami..ar  flow  the  pressure  ratios  tend  to  be  smallci  and  the 
region  of  influence  is  larger. 

Centerline  static  pressure  data  for  so.iic  and  supersonic  jets  exhausting  into  a  hypersonic 
external  flow,  Mj  -  7.  8,  with  a  laminar  boundary  layer,  are  presented  in  Figure  41.  These  data  are 
qualitatively  similar  to  those  of  the  previous  figure.  Note  that  the  effect  of  increasing  Me  results  in 
a  decreased  extent  of  separation  upstream  of  the  jet. 

A  significant  effect  that  is  particularly  difficult  to  correlate  is  the  ind<  pendent  effect  of 
mainstream  Mach  number  in  the  supersonic  range.  Typical  data  foi  the  eftect  of  Mach  number  are 
shown  in  Figure  42  for  both  laminar  and  turbulent  boundary  layers  (62).  The  length  scales  are 
normalized  by  the  peneiratk  height,  K,  computed  from  Equation  (20).  As  shown  in  this  figure,  the 
gross  scale  of  the  disturbance  is  fairly  well  correlated,  although  systematic  variation  with  Mj  is  still 
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Figure  41.  Centerline  Static  Prtuurt  Distributions  for  Circular  Nozzle  and  laminar  Boundary  Layer,  Reference  6 
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present.  The  data  shown  are  the  most  complete  and  self-consistent  set  known  to  the  authors,  however, 
effects  other  than,  that  of  Mach  number  are  believed  present.  Other  data,  to  be  presented  later, 
indicate  that  the  pressure  distributions  such  as  these  depend  upon  h/fig.  Sources  of  similar  data  for 
pressure  distributions  on  flat  plates  include  References  15,  32,  78,  and  79. 

A  series  of  tests  has  been  conducted  for  the  purpose  of  determining  the  independent  effects  of 
pressure  ratio,  h/d,  or  h/6  j.,  on  the  details  of  the  static  pressure  distribution  (62).  The  results  of 
those  experiments  are  summarized  by  Figures  43  and  44.  Figure  43  compares  data  obtained  at  nearly 
the  same  pressure  ratio  with  different  size  orifices.  Although  a  reasonable  correlation  has  been 
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Figure  43.  Effect  of  Cheng  log  Nozzle  Exit  Ditmeter  with  Centw.t  Pi«iure  Ratio,  Reference  0/ 
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Figure  44  Effect  of  Changing  Nozzle  Exit  Ourr.eter  with  Conttent  Jet  Penetretlon,  Reference  82 


achieved,  the  distributions  arc  significantly  different  in  the  downstream  region,  particularly  at 
3  <  x/h  <  S,  Similar  data  in  Figure  44  were  obtained  lor  the  same  value  of  h  but  diHerent  pressure 
ratio*  and  orifice  diameter*.  Excellent  correlation  i*  achieved.  Similar  result*  were  obtained  at 
other  external  How  test  condition*.  It  is  concluded  that  h/6j  may  be  an  important  parameter  in 
determining  the  pressure  distribution  in  the  downstream  region  and  that  the  pressure  ratio  or  h/d  may 
b d  relatively  unimportant.  Additional  data  indicate  that  h/d  influences  the  static  pressure  distribution 
when  h/6j  <1. 

The  obstruction  produced  by  a  jet  from  a  supersonic  nozsle  appears  to  be  a  different  shape 
from  that  which  results  from  an  uaderexpanded  tonic  jet.  Shadowgraph  photographs  of  Figure  45  show 
significant  qualitative  influence  of  jet  exit  Mach  number.  These  are  unpublished  results  of  the  investi¬ 
gation  described  in  Reference  6  conducted  with  an  external  flow  at  Mach  S.  The  nozzle*  have  the 
same  throat  areas,  and  values  of  P0j/P{  *re  approximately  the  same.  The  underexpanded  sonic  jets 
produce  relatively  large  disturbances  near  the  plate  surface,  but  the  supersonic  jets,  having  been 
expanded  within  the  nozzle,  appear  to  penetrate  somewhat  more  deeply  into  the  external  flow  at  a  given 
axial  location.  This  difference  in  the  shape  of  the  effective  disturbance  produced  by  the  jet  causes  the 
interaction  force  to  decrease  somewhat  with  increasing  jet  exit  Mach  number. 

These  photographs  also  illustrate  the  influence  of  the  relative  location  of  transition  on  the 
flow  field.  For  test  section  conditions  corresponding  to  Figures  45a  and  45c,  the  boundary  layer  on 
the  plate  In  the  absence  of  the  jet  appeared  to  be  laminar,  and  the  character  of  the  separated  region 
shown  in  these  figures  appears  to  be  primarily  laminar.  The  boundary  layer  near  the  jet  in  Fig¬ 
ures  45b  and  45d  is  clearly  transitional,  resulting  in  shorter,  steeper  shear  layer  angles  and  a  sub¬ 
stantially  altered  wall  static  pressure  distribution. 

The  difference  in  jet  penetration  between  sonic  and  supersonic  jets  is  illustrated  in  Fig¬ 
ure  46  (80).  In  that  illustration,  contours  of  constant  injectant  concentration  are  shown  at  x/h  =  10 
(h  calculated  by  Equation  20  in  each  case).  This  comparison  shows  that  the  supersonic  jet  trajectory 
penetrates  further  into  the  mainstream  than  that  of  the  sonic  jet.  Biilig,  et  al,  (56),  have  proposed 
correlations  for  the  Mach  disk  location  including  data  for  sonic  and  supersonic  jets,  as  part  of  a  semi- 
empirical  method  for  computing  jet  trajectories.  For  1.9  s  Mj  S  4.  5  and  1.  0  £  Me  S  2.  2  the  relation 


is  proposed,  where:  h,  is  the  distance,  normal  to  the  plate,  from  the  plate  to  the  center  of  the  Mach  disk; 
d  is  the  nozzle  throat  diameter;  Pj*  is  the  pressure  at  the  sonic  point  in  the  jet  nozzle;  and  is  two- 
thirds  of  the  stagnation  pressure  downstream  of  a  normal  shock  in  the  external  flow.  The  correlation 
does  not  completely  account  for  the  influence  of  Me,  however.  Systematic  deviations  from  the  correla¬ 
tion.  up  to  approximately  25  percent,  are  present  for  Mg  >  1. 

The  supersonic  jet  presents  a  smaller  obstruction  to  the  external  flow  near  the  surface  of  the 
plate  than  an  underexpanded  sonic  jet  having  the  same  mass  flow  rate.  Therefore,  V.ighei  exit  Mach 
number  jets  cause  relatively  sruaiier  interference  forces.  This  effect  is  illustrated  in  Figure  47  by 
data  which  were  obtained  at  Mj  =  8.  In  this  case,  data  are  presented  in  the  form  of  amplifi¬ 
cation  factor  versus  pressure  ratio  for  constant  external  flow  conditions  and  constant  nozzle 
throat  diameter.  Note  that  the  decrease  in  interaction  force  resulting  from  the  increase  in  Me 
i»  a  much  larger  effect  than  the  increase  in  jet  thrust.  Similar  results  have  been  presents,! 
by  Koch  and  Collins  (Si). 

The  effect  of  inclining  the  thrust  axis  of  a  circular  jet  relative  to  the  external  flow  direction, 
has  been  investigated  in  several  experiments  (80,  81).  In  general,  inclining  the  nozzle  upstream  will 
increase  the  effective  disturbance  fize  and  the  interaction  force.  The  analysis  of  Reference  63  was 
modified  to  include  the  effects  of  fo/ward  inclination  in  Reference  80.  The  result  is  that  the  penetra¬ 
tion  height,  h,  given  in  Equation  (20)  must  be  multiplied  by  the  ratio 


_h _ 

^normal 


1  +  "a~8in  * 

j 


where  <f>  is  the  inclination  o£  the  jet  thrust  axis  from  normal  to  the  external  flow  direction  (measured 
positive  into  the  stream)  and  Ve  is  the  jet  exit  velocity. 

The  centerline  pressure  distributions  for  inclination  forward  and  aft  from  normal  to  a  uniform 
supersonic  stream  are  shown  in  Figure  48  (80).  Also  shown  (by  the  solid  line)  are  data  for  p  =  0.  The 
effect  of  forward  inclination  driving  the  upstream  boundary  layer  separation  further  forward  has  been 
observed  in  other  experiments.  The  downstream  inclination  effect  on  downstream  pressure  distribu¬ 
tions  would  not  necessarily  be  expected  to  scale  very  well  with  the  penetration  height  calculated  by 
Equations  (20)  and  (23),  because  of  (lie  simplified  assumptions  from  which  they  were  derived. 

An  aspect  of  jet  nozzle  geometry  that  provides  significant  control  over  the  aerodynamic 
interference  is  the  cross-sectional  shape  of  the  nozzle  or  geometry  of  a  cluster  of  nozzles. 

There  is  evidence  that  multiple  circular  nozzles  in  a  line  transverse  to  the  oncoming  main¬ 
stream  produce  an  interaction  which  is  similar  to  that  associated  with  a  jet  from  a  finite- span  slot 
(62).  This  is  illustrated  in  Figure  49.  As  shown  in  the  figure,  the  high  pressures  upstream  span  the 
distance  between  the  circular  nozzles  separated  by  eight  nozzle  diameters.  Comparing  Figure  49  with 
Figure  39  shows  the  difference  between  pressure  distributions  induced  »y  single  and  multiple  nozzles. 
The  effect  of  the  multiple  nozzles  is  to  broaden  the  region  of  the  disturbance,  when  the  multiple  noz¬ 
zles  are  spaced  sufficiently  close  together. 
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literature  pertaining  to  jets  from  transverse  slots  has  already  been  reviewed.  Collins  et  el  (82  V® 

uri:  5"Pa0„d  5M32  effeCt‘-.  ^  data  for  cir=ular  h°‘*  *»«  a^Lown  in  Fig- 

“7  t"  (32f,  83  ,  T!^Cfle  r<r8,ultB  *r«  typical  of  most  data  concerning  the  independent  effects  of 

,V  V a  ,  and  moiecu‘ar  weiKht-  Some  of  the  existing  data  are  inconsistent.  Thc  data  in  Fio- 
ure  50  indicate  no  discernible  effect  of  jet  temperature  or  Llecular  weight  on  amp! iiicaUon  factor. 
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Figure  SO.  Effect  of  J«t  Sta^ietion  Temperature  on  Amplification  Factor,  Reference  83 


Figure  St  Effect  of  Jet  Moiocutcr  Weight  Venation  on  Amplification  Facto,.  Reference  32 
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Figure  63.  Int.rf.renc  Pr*tsure  Oiitributiom  for  Nitrogw  and  Helium  Jaw,  R.fweive.  82 


In  the  analysts  of  jet-induced  aerodynamic  interference,  it  is  frequently  of  interest  to  predict 
the  ohape  of  the  shock  in  the  mainstream  produced  by  the  jet  plume.  This  shock  is  the  strong  bow 
shock  illustrated  in  Figure  32.  Measurements  oi  this  shock  shape  have  been  used  to  substantiate  th- 
validity  of  several  correlation  models  (45,  62,  82,  83,  86).  A  set  of  shock  shape  predictions  are 
shown  in  Figure  54  (451.  He-e.  four  different  methods  of  calculating  shock  shapes  were  used.  U1  the 
four,  the  method  based  on  the  blast  wave  analogy  was  found  least  accurate  in  the  Mach  number  range 
considered. 
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Figure  54.  Venous  Computations  of  Shod:  Stapes  Compered  to  Measured  Shapes  in  Meridian  Plane,  Reference  45 

Several  eourres  of  experimental  data  concerning  forces  induced  by  circular  jets  exhausting 
from  flat  plates  in  supersonic  flow  are  available  in  the  literature.  The  most  extensive  set  of  force 
data  is  the  work  of  Strike,  ct  al  (15,  32,  78).  Other  data  frequently  cited  are  from  References  6,  79, 
and  81.  A  summary  of  these  data  are  presented  in  Figure  55,  in  the  form  of  amplification 
factor  versus  a  blockage  parameter,  (P^Aj/qj).  Since  this  parameter  is  not  dimensionless, 
it  is  not  entirely  satisfactory.  Data  from  a  given  test  scries  show  decreasing  amplification 
with  increasing  jet  blowing  rate.  If  the  interaction  flowficld  for  external  flow  conditions  were 
truly  self-similar,  depending  only  upon  a  single  length  scale  proportional  to  reference  value  of 
jet  momentum  flux,  then  K  would  he  essentially  independent  of  blowing  rate.  Data  previously 
cited  supports  the  premise  that  the  observed  variations  with  blowing  rate  may  be  an  effect  of 
h/f>i,  but  probably  are  not  a  function  of  pressure  ratio.  Although  an  attempt  was  made  in 
selecting  the  data  for  Figure  55  to  include  data  in  which  at  least  most  of  the  interaction  region 
was  contained  ir.  the  plate,  effects  of  plate  size  cannot  be  ruled  out.  Data  obtained  from  experiments 
with  a  plate  which  is  not  large  compared  to  the  extent  of  the  interaction  flowfield  will  always  show 
dec-easing  amplification  with  increasing  blowing  rate.  Note  that  except  for  the  experiments  of  Amick 
and  Hayes  (79),  the  size:  °f  plates  used  to  obtain  the  data  of  Figure  55  are  not  greatly  different.  Data 
of  Figure  55  represent  a  wide  range  of  external  flow  conditions,  in  particular,  3  <  Mj  <  18.  The  inde¬ 
pendent  influence  of  Mj  on  K  seems  to  be  less  than  the  cam  zca'ier  or  systematic  variations  resulting 
from  different  wind  tunnel  models,  facilities,  and  instrumentation. 

When  a  jet  interaction  flowfield  occurs  in  the  context  of  a  practical  application,  the  external 
flow  will  usually  be  nonuniform  to  some  degree.  If  the  body  is  large  compared  with  a  characteristic 
dimension  of  the  interaction  region,  and  if  the  local  radius  of  curvature  of  the  surface  near  the  nozzle 
exit  is  also  relatively  large,  then  the  degree  of  nonuniformity  of  the  external  flow  may  be  small.  Under 
these  conditions,  data  obtained  from  experiments  with  flat  plates  may  provide  a  good  approximation  to 
the  actual  situation.  When  the  dimensions  of  the  body  and  of  the  interaction  region  are  comparable, 
details  of  the  body  geometry  can  bave  important  effects  on  the  flowfield. 

Figure  56  which  was  taken  from  a  report  by  Amick,  et  al  (87)  shows  pressure  contours 
obtained  from  a  wind  tunnel  test  of  a  body  of  revolution  in  which  a  jet  was  exhausting  from  a  location 
near  the  nose.  The  model  was  a  sphcre-cone-cyltndcr  having  an  overall  length-to-diameter  ratio  of 
7.0,  based  upon  the  cylinder  diameter.  Ambient  temperature  air  was  used  as  the  jet  gas,  and  the  nom¬ 
inal  jet  exit  Mach  number  was  3,  4,  other  test  conditions  arc  indicated  or.  the  figure.  A  comparison  of 
Figure  56  with  Figures  39  and  40  shows  considerable  qualitative  similarity  despite  the  obvious  large 
differences  between  the  two  situations.  Apparently,  results  from  flat  plate  experiments  can  he  used 
to  provide  at  least  a  qualitative  estimate  of  the  tlcwUcld  structure  in  a  more  complex  uituation. 

An  example  of  force  data  obtained  from  the  same  series  of  experiments  is  shown  in  Figure  57 
in  the  form  of  amplification  factor  based  on  normal  force  increments  versus  pressure  ratio  or  jet 
mass  flow  rate,  for  three  nozzle  locations.  Under  these  conditions,  the  interaction  force  always  acted 
in  opposition  to  the  jet  thrust,  almost  canceling  it  at  the  lowest  blowing  rates  for  the  jet  located 
nearest  the  nose.  Some  insight  into  this  behavior  can  be  gamed  by  re-examining  Figure  56.  The 
regiun  of  reduced  pressure  directly  downstream  of  the  jet  to  acting  on  a  portion  of  the  bod/  surface 
which  re  loughly  parallel  to  the  nozzle  exit  plane,  and  provides  a  large  contribution  to  the  interaction 
force.  The  high-pressure  regions  lying  downstream  and  to  either  side  of  the  nozzle  exit  are  wrapped 
around  the  body,  so  that  the  contribution  of  ihcec  legions  to  the  Intel  action  force  is  greatly  diminished, 
relative  to  a  flat  plate  situation. 
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Figure  56.  Summary  of  Amplification  Factor  Data  for  Jett  from  Circular  Nonks 


LINE  OF  BOUNDARY-LAYER 


Although  this  review  has  been  restricted  almost  completely  to  consideration  of  jets  exhausting 
normal  to  the  external  flow,  the  introduction  of  body  geometries  other  than  flat  plates  produces  many 
other  pose ibilitles.  An  extreme  examp'e  of  the  influence  of  body  geometiy  and  jet  thrust  direction  on 
interaction  force  behavior  is  ill  'strati  by  the  data  of  Figure  F8,  obtained  by  Jarvinen,  et  al  (88),  from 
wind  tunnel  tests  of  a  conical  model  h,  .  mg  a  jet  exhausting  from  the  nose  tip.  In  tills  case,  the  net 
axial  force  in  the  drag  direction  reache  «  a  value  of  seven  times  the  jet  thrust  in  the  direction  opposing 
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These  examples  have  been  chosen  to  show  that  there  are  both  similarities  and  differences 
between  the  intetactions  observed  in  flat  plate  experiments  and  those  conducted  with  other  model 
shapec.  A  thorough  discussion  of  body  configuration  effartu  i«  heyrmij  th;  scope  of  this  report.  Th 
interested  reader  will  find  additional  information  on  this  topic  in  References  9,  45,  46,  55,  60,  74, 
76,  79,  and  89-94. 
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4.  3  Three -Dimensional  Analysis  Methods 


The  three-dimensional  jet  interaction  flowfield  may  be  even  more  intractable  in  terms  of 
analytical  description  than  its  two-dimensional  counterpart,  merely  because  of  its  three-dimensional 
nature.  On  the  other  hand,  because  boundary  layer  separation  phenomena  seern  to  play  a  less  prom¬ 
inent  role  in  the  three-dimensional  cast,  inviscid  three-dimensional  flowfield  models  might  offer  more 
promise  than  inviscid  two-dimensior.al  models.  At  the  present  time,  no  attempts  have  been  made  to 
solve  the  governing  conservation  equations  directly.  In  discussing  the  approximate  analytical  models 
which  have  been  derived,  it  is  convenient  to  follow  the  pattern  used  in  describing  the  two-dimensional 
flow  models  in  Section  2  above.  Models  representing  the  external  flow,  and  those  representing  the 
jet  flow  will  be  described  separately. 

4.3.  1  External  Flow  Models 

Broadwell  (43)  and  Dahm  (44)  hi  sed  blast- wave  theory  to  represent  the  external  flow.  This 
approach  is  subject  to  the  restrictions  in!  ,.  .nt  in  the  blast-wave  approximation  mentioned  above,  r.amely, 
large  Mj  is  required  and  poor  representatio.  if  provided  for  the  flow  near  the  nose  and  near  the  axis  of 
symmetry.  In  addition,  the  intersection  of  the  jot-induced  shock  with  the  wall  produces  a  complex  three- 
dimensional  separated  region  which  increases  the  extent  of  the  interaction  region  and  decreases  the  peak 
pressures  on  the  wall.  Thus,  any  inviscid  approach  will  be  unable  to  give  accurate  predictions  of  Btatic 
pressure  distributions.  However,  it  appears  from  some  comparisons  of  predictions  with  data  that  the 
effect  of  separation  is  to  change  the  static  pressure  distribution  without  appreciably  altering  the  total 
force,  so  that  inviscid  calculations  may  be  useful  for  force  predictions.  Strike  (32)  has  proposed  an 
analysis  in  which  a  contribution  to  the  interaction  force  from  the  Separated  region  is  estimated  and  added 
to  the  contribution  obtained  from  blast-wave  theory. 

All  other  models  of  the  external  flow  '  nown  to  the  authors  replace  the  jet  by  an  equivalent  solid 
obstacle.  This  approach  can  also  be  used  witi  he  blast-wave  representation  of  the  external  flow,  if  the 
drag  of  the  effective  solid  obstacle  is  equated  to  \e  energy  per  unit  length  needed  as  an  input  to  the  blast- 
wave  theory  (45).  Ferrari  (95)  has  proposed  a  ■  ilex  jet  interaction  analysis  in  which  the  jet  is  treated 
as  an  equivalent  solid  body  and  the  external  flow  i  omputed  by  an  approximate,  inviscid,  three- 
dimensional  blunt  body  analysis.  Cassel,  et  al  (4.  )  have  proposed  an  analysis  in  which  the  external 
flow  is  computed  numerically,  using  a  blunt  body  solution  near  the  nose  of  the  equivalent  body, 
followed  by  a  method-of-characteristics  solution  for  the  supersonic  region.  At  the  expense  of  added 
complexity,  this  approach  should  provide  an  accurate  representation  of  the  assumed  physical  model. 

The  static  pressure  distributions  on  the  wall  will  not  be  predicted  accurately,  for  the  same  reasons 
mentioned  earlier,  but  limited  comparisons  with  experimental  force  data  show  reasonable  agreement. 

An  analysis  by  Wu,  et  al  (96)  is  based  on  the  assumption  that  the  separated  boundary  layer  is  tangent 
to  the  top  of  the  injectant  flow.  Flow  visualization  results  indicate  that  this  assumption  is  realistic 
only  when  the  scale  of  the  jet  penetration  is  less  than  the  boundary  layer  thickness. 

Other  models  of  the  jet  interaction  flowfield,  for  example,  Zukoski  and  Spaid  (63)  and 
Bxllig,  et  al  (56)  use  properties  of  the  external  flow  only  to  provide  boundary  conditions  for  the  jet. 


4.3.2  Jet  Flow  Model*' 

The  models  of  the  jet  flow  p  'oposed  by  Broadwell  and  Dahm  have  already  been  reviewed  in  the 
discussion  of  the  twe-dimenstiona!  flows.  The  influence  of  jet  molecular  weight  and  temperature  predicted 
by  these  methods  is  not  in  agreement  with  mo&t  of  the  data  for  :ircular  hole  jets  which  indicate  that  the 
interaction  force  is  proportional  to  jet  momentum  flux.  presented  by  Walker,  et  al  (97)  were  analyzed 

by  Zukoski  and  Spaid  (62,  63).  The  data  are  side  force  measurements  obtained  from  experiments  in  which 
various  gases  were  injected  into  a  rocket  nozzle.  A  parameter  derived  from  Broadwell's  analysis  was 
shown  to  provide  a  much  better  correlation  of  these  data  than  a  parameter  which  is  proportional  to  jet 
momentum  flux.  Tnis  result  indicates  that  the  jet  flow  model  of  Broadwell  or  Dahm  may  be  useful  when 
the  region  far  downstream  of  the  jet  exit  is  of  primary  importance.  In  a  variation  of  Dahm’s  analysis, 
Strike  (32)  has  proposed  a  model  in  which  the  drag  or  energy  per  unit  length  corresponding  to  Ihe  jet  flow 
is  simply  equal  to  imV*.  This  approach  predicts  that  the  interaction  force  will  be  proportional  to  jet 
mass  flow  rate,  for  Situations  in  which  T0.  or  m;  are  varied.  This  prediction  is  not  in  agreement  with 
results  of  numerous  experiments.  * 

Most  of  the  remaining  models  of  the  jet  flow  assume  that  no  mixing  takes  place  between  the  jet 
and  the  external  stream  during  the  turning  process.  The  remarks  from  the  discussion  of  two-dimensional 
flow  theories  apply  here  as  well,  with  appropriate  modifications  for  the  conversion  from  two-dimensional 
to  three-dimensional  flow.  In  this  case,  we  find  h/d  —  (P0j/Pj)1/2(  various  predictions  concerning  the 

influence  of  Yj,  and  no  explicit  dependence  upon  jet  temperature  or  molecular  weight. 


4.3.3  Matching  Between  the  External  Flow  and  the  Jet 


As  m  the  two-dimensional  case,  the  matching  condition  between  the  jet  and  the  external  flow  is  of 
primary  importance  in  determining  t  »c  influence  of  Mj  predicted  by  the  various  analyses.  In  the  control- 
volume  and  jet-shock  models  of  the  jet  flu*  (corresponding  to  Categories  2  and  3  in  the  two-dimensional 
discussion),  it  is  often  assumed  that  the  average  pressure  acting  on  the  upstream  boundary  of  the  jet  is 
proportional  to  the  stagnation  point  pressure  coefficient  of  the  external  flow,  Cp*.  A  similar  assumption 
is  made  by  Billig,  et  al  (56),  namely,  that  the  effective  back  pressure  which  fixes  the  Mach  disk  location 
m  the  jet  is  two-thtrds  of  the  stagnation  pressure  downstream  of  a  normal  shock  in  the  external  flow. 

Ihese  assumptions  seem  plausible,  based  upon  observations  of  Schiieren  and  shadowgraph  photographs. 
They  are  also  supported  somewhat  by  the  correlations  of  static  pressure  distributions  presented  in  Fig’ 
ure  42,  by  the  correlation  of  shock  shapes  of  Figure  54,  and  the  correlation  of  jet  shock  locations 
presented  in  Reference  56. 


60 


Because  of  the  qualitative  differences  between  flows  In  which  Me  =  1  and  Me  >  1,  accurate 
theoretical  prediction  of  the  effect  of  Me  would  seem  to  require  an  analysis  in  which  the  details  of  the  jet 
expansion  and  turning  pre'ess  are  computed.  The  physical  mode*  of  Ferrari  (95)  might  be  applicable 
when  Mc  >  1,  although  the  method  does  not  include  the  possibilit',  of  shock  waves  in  the  jet.  Probably 
because  of  its  complexity,  few  comparisons  have  been  made  between  Ferrari's  theory  and  experiments. 
The  method  of  Billig,  et  al  (56)  uses  empirical  correlations  to  account  for  variations  in  Me,  as  discussed 
previously.  This  analysis  provides  a  prediction  of  the  jet  trajectory.  Application  of  the  equivalent  body 
concept  to  determine  the  influence  of  Me  on  the  external  flow  would  require  calculation  of  the  flow  about  a 
truly  three-dimensional  body.  None  of  the  available  equivalent  solid  obstacle  models  would  warrant  the 
effort  required  to  develop  such  a  calculation  technique  since  they  all  include  assumptions  which  neglect 
mixing. 


In  view  of  the  complexities  of  the  flowfield  and  the  drastic  simplification  or  arbitrary  assumptions 
which  are  necessary  in  order  to  formulate  an  analysis,  detailed  predictions  of  the  various  theories  should 
probably  not  be  viewed  as  attempts  at  exact  representations.  H;.^ever,  if  characteristics  of  one  flow- 
field  are  known  from  experiment,  then  it  should  be  possible  to  predict  the  characteristics  of  another  within 
some  limited  range  of  the  independent  variables.  Based  on  the  preceding  discussion,  it  appears  that  this 
can  be  done  by  assuming  that  the  boundaries  of  the  two  flows  are  geometrically  similar,  and  that  the  linear 
dimensions  of  each  flowfield  are  proportional  to  a  characteristic  length,  h,  where 


h 


(24) 


Some  idea  of  the  limitations  of  this  method  can  be  obtained  by  referring  to  the  preceding  data  pre¬ 
sentation.  The  available  data  indicate  that: 

1.  Effects  of  variations  in  Mj  or  M  are  not  predicted  with  great  precision  by  this  (or  any 
other)  technique. 

2.  The  boundary -layer  thickness  can  be  an  important  characteristic  length,  if  it  is  com¬ 
parable  to  other  important  dimensions  of  the  flowfield. 

3.  There  are  qualitative  differences  between  interactions  in  which  the  boundary  layer  is 
turbulent  and  those  in  which  it  is  laminar. 

4.  Effects  of  wide  variations  in  injectant  molecular  weight  and  stagnation  temperature  on 
details  of  injectant  concentration  profiles  or  on  forces  generated  far  downstream  of  the 
nozzle  exit  are  not  well  correlated  by  this  method. 


5  SONIC  AND  SUPERSONIC  JETS  IN  SUBSONIC  EXTERNAL  FLOWS 

When  the  Mach  number  of  the  external  flow  is  substantially  less  than  unity,  the  dynamic  pressure 
of  the  externa!  flow  is  much  smaller  than  the  static  pressure.  As  a  result,  the  jet  flow  near  the  nozzle 
exit  is  influenced  primarily  by  Pj  Flow  visualization  data  indicate  that,  insofar  as  internal  shocks  are 
concerned,  jets  penetrating  In  a  subsonic  cross  flow  behave  as  if  they  were  exhausting  into  still  air  (66), 
significant  turning  of  the  jet  by  the  external  flow  does  not  appear  to  take  place  until  the  jet  has  become 
subsonic. 


For  jets  from  sonic  nozzles  exhausting  into  still  air,  Christ  et  al  (64)  have  correlated  experi¬ 
mental  values  of  the  distance  from  the  nozzle  exit  to  the  mach  disk,  h,  for  a  wide  range  of  pressure  ratio. 
The  data  fit  the  empirical  equation:- 

h/d  =  0.  695  (P  /P.)1/2  (25) 

o.  1 
J 

It  has  been  shown  by  Durando  and  Cassel  (76,  89)  that  this  ch?,racteristic  dimension  provides  satis¬ 
factory  correlation  of  the  limited  body  of  relevant  data.  A  surnm:..  y  ‘t’ese  results  will  be  presented 
here.  Although  this  equation  does  not  strictly  apply  to  a  .,iar.ir,id  r.hock  pattern  or  a  supersonic  noz¬ 
zle,  data  indicate  that  the  scale  of  the  interference  flow-.' ell  Is  proportional  to  d  (PQ. /Pj)  ‘ ' 2  for  ? 
fixed  jet  Mach  number. 

In  discussing  pressure  patterns  produced  by  a  et  on  the  surface  from  which  it  exhausts,  it  is 
common  practice  to  plot  the  conventional  pressure  cooflicient 
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is  the  freestream  dynamic  pressure. 


It  has  been  found,  however,  that  use  of  this  pressure  coefficient  >«  very  misleading,  for  the 
following  reason  When  the  freestream  velocity  is  zero,  the  jet  entrainment  etfect  produces  a  small 
interference  pressure  distribution  on  the  plate  Therefore,  as  q^-0,  the  conventional  pressure  coeffi¬ 
cient  becomes  singular  For  low  freestream  velocities,  interference  pressure  coefficients  are  unieal- 
istif  ally  high  These  extremely  large  Cp's  do  not  translate  into  a  large  interference  force,  and  it  would 
certainly  be  unreasonable  to  expect  the  largest  interference  effects  to  occur  at  zero  freestream  velocity. 
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For  the  present  purposes,  a  more  useful  method  of  presenting  static  pressure  data  is  to  plot 
C  =  4P/?e 

where  AP  is  the  differtnce  between  the  jet-on  and  jet-off  static  pressure.  In  this  section,  differences 
between  P9  and  Pj  are  very  small  and  these  quantities  will  bs  used  interchangeably. 

5.  1  Jets  from  Flat  Plates 


The  data  which  provide  the  most  detailed  information  on  interference  effects  produced  by  sonic, 
underexpanded  jets  exhausting  from  flat  surfaces  in  subsonic  external  flows  have  been  reported  by 
Street  (98).  Results  for  Mj  -  0.  6  are  presented  in  Figure  59  through  61.  in  the  form  of  Cp  vs  the  norm¬ 
alized  radius  ® 

r 

d(P  /p.'1^2 

o.  1' 

J 

for  three  values  of  the  polar  angle  around  the  nozzle.  A  sketch  of  the  polar  coordinate  system  used  is 
shown  in  the  insert  of  Figure  59.  It  is  evident  that  the  correlation  wo^ks  well,  except  for  a  portion  of 
the  a  =  180  degrees  ray  immediately  adjacent  to  the  nozzle  (Figure  6] ).  Additional  data  which  have  been 
correlated  in  this  manner  are  presented  in  References  76  and  89. 


Figure  69.  Consisted  Preisvre  Dntribution  (or  Circulir  Nozzle  Jet  in  Subsonic  Flow,  o- 0°  Rey,  Dste  from  Reference  98 

Interference  pressure  contours  are  presented  in  Figure  62  arid  63  for  some  of  the  test  conditions 
of  Reference  98.  The  figures  are  shown  in  order  of  increasing  Q,  where  Q  qj<7qm,  at  an  approximately 
constant  value  of  the  pressure  ratio.  It  is  evident  from  the  figures  that  the  scale  of  the  pressure  disturb¬ 
ance  is  considerably  larger  than  the  nozzle  diameter.  As  Q  increases,  the  pattern  becomes  more  sym¬ 
metric  fore  and  aft  The  upstream  region  of  positive  Cp  shrinks  in  size  in  Figure  62b,  and  finally 
disappears  in  Figure  63  The  magnitude  of  the  pressures  decreases  as  Q  increases,  indicating  a  reduc¬ 
tion  of  interference  effects  as  the  plume  becomes  straighter.  The  predominance  of  regions  of  negative 
Cp  at  low  external  flow  Mach  numbers  is  caused  by  entrainment  of  freestream  flow  by  the  jet,  through 
the^urbulent  mixing  process.  The  entrained  mass  must  be  replaced  by  a  flow  from  the  surroundings 
toward  the  jet.  This  flow  is  irrotatiunal,  outside  of  the  wall  boundary  layer,  so  it  must  be  associated 
with  a  region  of  negative  Cp  on  the  wall  near  the  jet.  As  external  stream  velocity  increases,  the  block¬ 
age  effect  of  the  jet  becomes  increasingly  important,  resulting  in  positive  pressure  coefficients  in  the 
upstream  region.  Even  though  the  scale  of  the  interference  ftowfield  under  certain  conditions  depends 
only  on  the  pressure  ratio,  the  pressure  contours  of  Figures  62  and  63  show  that  the  flowfield  itself 
depends  upon  the  freestream  velocity. 

5  2  Jets  from  a  Body  of  Revolution 


Reference  76  contains  interference  pressure  data  for  an  underexpanded  jet  exhausting  just  for¬ 
ward  of  the  nose  juncture  from  an  ogive-cylinder  configuration  The  configuration  was  tested  w.th  one 
circular  nozzle  and  one  slot  nozzle,  both  of  which  were  sonic.  Data  included  forces  and  moments  on  the 
model  and  the  pressure  distribution  in  the  neighborhood  of  the  nnu 
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Using  the  coordinate  system  shown  in  the  insert  on  Figure  64s,  pressure  coefficients  along  the 
plane  of  symmetry  (S  =  0)  are  plotted  In  Figure  64  for  ons  value  of  the  freestream  Mach  number  and  vari¬ 
ous  pressure  ratios.  In  this  case,  the  pressure  coefficient  has  been  defined  in  the  conventional  manner: 


Although  the  nozzle  was  net  quite  located  on  the  cylindrical  portion  of  the  model,  the  effects  of  curvature 
have  been  neglected  and  %  has  been  assumed  to  bs  squat  to  the  distance  along  the  model  axis.  Also,  the 
jst-off  pressure  distribution  hss  not  been  subtracted  out  so  that  the  Cp  shown  in  Figure  64a  is  not  strictly 
sn  interference  pressure  coefficient.  The  data  (how  that  the  jet-off  Cp  ia  very  small  and  hss  a  negligible 
effect  on  the  curves  of  Figure  64a.  These  curves  exhibit  the  characteristic  positive  pressure  coefficient: 
on  tne  windward  (x  <  0/  aide,  with  large  negative  pressure  coefficients  on  the  leeward  (x  >0)  side. 

Figure  64b  shows  the  same  data  as  Figure  64a,  but  with  x  scaled  by  the  shock  intersection  height, 
h,  from  Equation  (25).  Evidently,  the  data  for  all  pressure  ratios  fail  on  a  tingle  curve.  Data  for  a  larger 
diameter  nozzle  (d  s  0.33  inch)  are  also  included  in  the  figure,  and  the  points  correlate  well  with  data  for 
d  =  0.  32  inches.  Figure  65  shows  the  same  data  correlation  for  cases  when  the  freestream  Mach  number 
is  0.  20.  Note  that  in  this  case,  Cp  is  negative  upstream  as  well  as  downstream  of  the  nozzle.  The  data 
for  Mv  =  0.  Z0  have  also  been  correlated  along  the  line  x  =  0,  in  Figure  65.  In  that  correlation,  the  abscissa 
represents  the  arc  length  S  =  Renormalized  by  h. 

An  attempt  at  correlating  pressure  distributions  obtained  with  the  slot  nozzles  at  the  same  free¬ 
stream  Mach  numbers  and  different  values  of  the  pressure  ratio  by  scaling  distances  along  the  ogive 
cylinder  plane  of  symmetry  by  h  given  by  Equation  (25)  is  shown  in  Figure  66.  Evidently,  the  correlation 
is  not  successful.  The  quantity  d  here  represents  the  throat  chord  for  the  transverse  slot  nozzle.  A 
formula  for  the  Mach  disk  height  should  vary  directly  with  P0./Pm.  Attempts  at  using  this  formula  to 
correlate  the  slot  data  described  above  were  also  unsuccessft/l.  Indeed,  it  appears  that  no  power  of 
Poj/Pt0  between  1  and  1/2  will  correlate  the  pressure  distribution.  The  success  of  the  correlation  tech¬ 
nique  for  a  circular  nozzle  and  its  failure  for  the  slot  nozzle  lies  in  the  influence  of  edge  effects  in  the 
case  of  the  slot  nozzle.  These  effects  are  described  by  Durando  and  Cassel  (89). 


5.  3  Vortices  Induced  in  a  Jet 

With  the  exception  of  truly  two-dimensional  flow,  vortices  are  produced  in  the  jet  when  it  is 
turned  by  the  external  flow.  Durando  (75,  77)  has  _  roposed  an  analysis  describing  this  vortex  field  when 
the  external  flow  is  subsonic.  The  analysis  is  semi -empirical,  using  data  on  jet  vortices  reported  by 
Dahlke  (91).  It  utilizes  the  assumption  that  the  product  of  vortex  strength  and  separation  is  a  constant. 

In  Durando's  analysis,  it  is  also  assumed  that  an  underexpanded  jet  can  be  related  to  an  equivalent  sub¬ 
sonic  jet  by  the  relation 

d  (equiv)  =  Ad  (Pq  /PJ172 

j 

where  A  is  an  empirical  constant.  The  predicted  influence  of  downstream  distance,  pressure  ratio, 
and  orifice  diameter  on  the  vortex  strength,  f,  is  given  by  Durando  as 


,1.28/PoA0-64 

d _  j  _ J  j 

°.  28  \  P,  / 
x  \  1  / 


(26) 


As  shown  in  Reference  76,  the  relationship  is  supported  by  existing  data. 


6  SUMMARY  AND  CONCLUSIONS 


The  jet  interaction  flowfield  is  so  complex  that  predictions  of  induced  forces,  pressure  distri¬ 
butions.  concentration  distributions,  etc.,  must  rely  heavily  on  experimental  data.  Accurate  predictions 
concerning  situations  which  lie  far  outside  the  range  of  available  data  will  require  additional  experimen¬ 
tation.  The  simulation  requirements  for  these  experiments  have  been  discussed  in  Section  2  2.  Inter¬ 
polation  or  extrapolation  of  data  implies  tha'  the  appropriate  scaling  laws  are  known.  It  is  convenient  to 
discuss  two-  and  three-dimensional  flows  separately. 


The  region  upstream  of  a  jet  in  two-a’mensional  flow  is  quite  similar  to  the  flow  upstream  of  a 
forward-facing  step,  except  for  the  immediate  vicinity  of  the  jet  or  step.  The  equivalent  step  height  is 
approximately  proportional  to  the  ratio  of  a  reference  value  of  jet  momentum  flux  to  the  external  flow 
dynamic  pressure.  This  scaling  law  is  subject  to  many  restrictions  and  exceptions:  however,  many 
theories  contain  this  basic  idea,  although  it  is  not  always  explicitly  stated  Two  of  the  proposed  methods 
for  estimating  the  equivalent  step  height,  when  the  upstream  boundary  layer  is  turbulent,  are  giver,  by 
Equations  (14)  and  (19).  Pressuro  distributions  and  forces  in  this  region  can  be  estimated  from  corre¬ 
lations  of  data  obtained  from  experiments  in  which  separation  was  produced  by  either  jets  or  steps,  such 
as  those  of  Figures  8  and  9,  see  also  Equations  (1),  (2),  and  (3).  When  the  upstream  boundary  layer  is 
turbulent,  the  wall  static  pressure  distribution  is  a  function  primarily  of  the  Mach  number  of  the  external 
flow,  the  boundary  layer  thickness,  and  the  o'foctivo  step  height.  Static  pressure  distributions  in  the 
downstream  region  are  not  as  well  correlated  as  in  the  upstream  region,  as  shown  in  Figures  10,  11, 
and  12,  The  forces  induced  upstream  of  two-dimensional  jets  have  been  the  subject  of  many  investiga¬ 
tions.  The  largest  values  of  upstream  amplification  factor  are  associated  with  low  Reynolds  number, 
laminar  flow,  low  blowing  rates,  and  upstream-inclined  jots,  as  shown  in  Figure  24  Upstream  ampli¬ 
fication  factors  produced  by  underexpandod,  normal,  sonic  jets  in  turbulent  flow  lie  between  approxi¬ 
mately  2  and  3  for  a  wide  range  of  external  flow  Mach  and  Reynolds  numbers  Many  analyses  have  been 
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A.  CORRELATED  AXIAL  DOTAMUTION 
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proposed  for  the  prediction  of  induced  forces  in  this  situation,  the  results  of  which  are  compared  with 
data  in  Figure  27.  The  inconsistencies  to  be  hound  among  nominally  very  similar  experiments  preclude 
the  possibility  of  recommending  a  "best"  analysis;  several  of  the  proposed  methods  give  results  which 
seem  consistent  with  the  data. 

The  contribution  to  interaction  force  by  pressures  downstream  of  the  two-dimensional  jet  at 
supersonic  Mach  numbers  less  than  about  4  or  5  acts  in  the  direction  opposite  to  that  of  the  jet  thrust, 
a  situation  which  is  normally  regarded  as  unfavorable  interference.  At  higher  Mach  numbers,  a  signif¬ 
icant  positive  contribution  to  the  interaction  force  can  come  from  the  downstream  region,  as  shown  in 
Figure  22  and  by  the  static  pressure  correlations  of  Figures  10,  11,  and  12. 

The  flowfield  associated  with  a  jet  from  a  finite-span  slot  is  a  function  of  the  ratio  of  effective 
step  height  to  slot  span  Situations  in  which  this  ratio  is  small  enough  that  even  the  central  portion  is 
nearly  two-dimensional  are  seldom  found  in  practice  bocause  significant  lateral  flows  occur  in  the 
upstream  recirculation  region  even  at  relatively  small  values.  The  bow  shock  wave  formed  upstream 
of  the  jet  in  this  situation  wraps  around  the  ends  of  the  jet,  and  produces  regions  of  increased  wall  static 
pressure  downstream  and  to  either  side  of  the  jet  nozzle  exit.  This  effect  can  provide  a  significant  con¬ 
tribution  to  the  interaction  force,  and  becomes  the  dominant  mechanism  in  the  case  of  a  jot  from  a  cir¬ 
cular  nozzle. 

The  interference  flow  associated  with  a  jet  from  a  circular  nozzle  in  a  flat  plate  has  some  of 
the  characteristics  of  the  flow  past  a  blunt  nosed  slender  body.  The  main  features  of  this  type  of  flow- 
field  are  controlled  to  a  much  smaller  extent  by  separation  than  in  the  two-dimensional  case.  Predic¬ 
tions  of  flowfield  features  such  aB  shock  shapes,  distributions  of  pressure  and  injectant  concentration 
and  induced  forces  can  best  be  made  by  interpolation  or  extrapolation  of  data.  The  first  order  ocaiing 
iaw  fur  the  three  -dimensional  flowfield  is  the  axisymmetric  analog  of  the  two-dimensional  one,  namely, 
the  effective  bluntness  dimension  associated  with  the  jet  is  proportional  to  the  square  root  of  the  ratio 
of  a  reference  value  of  jet  momentum  flux  to  the  freestream  dynamic  pressure,  see  Equation  24.  A 
variation  of  this  technique  has  been  reasonably  successful  in  correlating  shock  shapes,  as  shown  in 
Figure  54.  Wall  static  pressure  data  have  been  correlated  fairly  well  by  this  method,  see  Figures  42 
and  44,  but  variatiune  in  Mach  number,  state  and  relative  thickness  of  the  boundary  layer,  and  mject&nt 
molecular  weight  or  temperature  also  are  Important.  A  summary  of  induced  force  measurements  is 
given  in  Figure  55.  The  moat  important  variable  may  be  the  scale  of  the  disturbance  produced  by  the 
jet  relative  to  the  plate  size  or  boundary  layer  thickness. 
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When  the  external  flow  is  aubionic,  entrainment  of  matt  from  the  external  flow  by  the  jet  is  an 
important  effect,  which  tends  to  induce  negative  pressure  coefficients  near  the  nozzle  exit  when  the 
external  flow  velocity  is  low.  At  subsonic  Mach  numbers  significantly  less  than  unity,  the  static  pres¬ 
sure  replaces  the  dynamic  pressure  as  the  most  important  quantity  which  characterizes  the  external 
flow,  and  the  characteristics  dimension  of  the  How  field  is  proportional  to  the  square  root  of  the  pres¬ 
sure  ration,  as  shown  in  Section  5.  0 

A  few  examples  of  data  for  jets  exhausting  from  bodies  of  revolution  are  also  included.  It  is 
shown  that  interference  forces  can  bo  quite  sensitive  to  the  geometry  of  the  body  from  which  the  jet 
exhausts.  Even  on  a  simple  body  of  revolution  in  axisymmetric  flow,  the  interference  pressure  distri¬ 
bution  is  quite  sensitive  to  the  shape  of  the  jet  exit,  as  shown  by  comparing  Figures  65  and  66. 

A  phenomena  associated  with  jet  interaction  which  can  be  quite  significant  in  some  practical 
applications  has  received  little  attention.  The  far  wake  of  the  interaction  includes  a  vortex  field  which 
can  have  significant  effects  when  lifting  surfaces  are  legated  downstream  of  jet  controls.  Limited  inves¬ 
tigations  of  the  phenomena  are  discussed  in  Section  5.  3. 
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